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TERMINOLOGY AND ABBREVIATIONS 
The following terms and appropriate abbreviations are used through­
out this dissertation and are included here for the convenience of the 
reader. Other less used terms and their symbols are defined when they 
appear within the text. 
biochemical oxygen demand (5-day, 20°C) BOD 
centimeter cm 
cents Ç 
chemical oxygen demand COD 
cubic centimeter cc 
cubic feet cu ft 
degrees Celsius (formerly degrees Centigrade) °C 
equation Eq. 
gallons per minute gpm 
gram gm 
gram per liter gm/1 
length L 
liter 1 
mass M 
milligram per liter mg/1 
milligram mg 
milliliter ml 
millimeter mm 
million gallons per day MGD 
minute min 
X 
negative logarithm of hydrogen 
number 
per 
pounds per square inch 
pulsed adsorption bed 
soluble organic carbon 
square centimeter 
square feet 
suspended solid organic carbon 
time 
total organic carbon 
volatile suspended solids 
ion concentration pH 
No. 
/ 
psi 
PAB 
SOC 
2 
cm 
sq ft 
SSOC 
T 
TOC 
VSS 
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INTRODUCTION 
General 
The water-carried wastes from municipalities are commonly called 
domestic sewage. Various proportions of industrial waste waters are 
frequently included in municipal waste waters. These waste waters have 
the potential to cause aesthetic, economic and physiological damage to 
the environment or to man. Consequently, municipal and industrial waste 
waters are given various degrees of treatment before being discharged 
into a receiving water body such as a lake or a stream. 
The organic material in the sewage can exert a demand for the dis­
solved oxygen in the receiving water body when the organic material is 
utilized by the biota in the sewage and in the receiving water. The 
main purpose of sewage treatment prior to the I960's was to reduce 
the oxygen demand of the waste water, thus reducing the damage potential 
to acceptable levels. This aim in treatment has been accomplished to 
some degree by reducing the dissolved and suspended material in the 
sewage. 
The first steps normally used in treating waste waters include pre­
liminary and primary processes. Preliminary processes usually include 
the screening of large solids from the waste water followed by the 
removal of inorganic grit solids using selective sedimentation. The 
primary processes follow preliminary treatment and include the removal 
of settleable suspended organic material by sedimentation. Floating 
material in the sewage is usually skimmed from the surface of the 
settling sewage. 
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Preliminary and primary treatment together will normally remove 
about 50 to 60 percent of the suspended organic material from domestic 
sewage. This is equivalent to removal of 30 to 40 percent of the 
biochemical oxygen demand (BOD, 5-day, 20OC) of the sewage. Further 
organic material removal, particularly the dissolved and colloidal 
portions, is accomplished by secondary treatment processes which are 
biological in nature. 
Two types of secondary treatment used most successfully in 
treating sewage are the trickling filter and the activated sludge 
processes. In secondary biological treatment processes, the dissolved 
and the suspended organic material in the sewage serve as the food (sub­
strate) for the mixed biota which are normally present. The bacteria 
are the microorganisms which are most prevalent and which are most 
active in secondary treatment processes. The bacteria utilize the 
organic material present in the sewage for synthesis of new cell 
material, which may be separated from the liquid portion, and the 
bacteria also oxidize a portion of the organic material present into 
the inorganic oxides of carbon, nitrogen, hydrogen and the other 
constituents of the organic material substrate. The process of micro­
bial metabolism is shown schematically in Figure 1. 
The new cell material synthesized by the organisms, as well as 
other organic material which may have been coagulated, is then 
partly separated from the liquid by a final sedimentation unit. 
The separation of particulate organic material from the liquid fraction 
is an essential element of the waste water treatment facility. As 
stated earlier, the primary sedimentation process removes 30 to 40 percent 
MICRO­
ORGANISMS 
Ni 1 
+ 
Figure 1. Schematic diagram of microbial metabolism 
COg, HgO 
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of the BOD in the raw sewage. Levine (24) showed that 20 to 50 percent 
of the BOD removed by a trickling filter and a final sedimentation 
unit was accomplished by the sedimentation portion of the combination. 
Thus, a trickling filter plant operating to provide a total of 80 percent 
BOD removal could have 40 to 60 percent of the total BOD removal ac­
complished by the two sedimentation processes in the facility (30 to 
40 percent removal by the primary process plus 20 to 50 percent 
removal of the 60 to 70 percent BOD remaining after primary sedimenta­
tion) . 
The combination of primary treatment using physical sedimentation 
processes and of secondary treatment using biological processes has 
frequently been termed "complete treatment." These combined operations 
have constituted most treatment facilities for domestic and industrial 
waste waters. Trickling filter plants generally remove about 70 to 
80 percent of the total organic material as measured by the BOD. 
Removal by activated sludge plants usually reaches 80 to 95 percent of 
the raw sewage BOD. 
Even when conventional complete treatment facilities are well 
operated, an appreciable pollution potential exists in the 5 to 30 percent 
of the BOD which remains in the final effluent. As an example, a com­
munity the size of Des Moines, Iowa, with a population of 250,000 
might discharge a treated waste water having 80 percent of the raw 
waste water BOD removed. The BOD of the organic material remaining in 
the final effluent would be the same as the BOD of the raw sewage from 
a community of 50,000 population. The rate at which the oxygen would 
or could be used in the final effluent, however, would be different than 
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with the raw sewage and the total oxygen demand in the final effluent 
could be exerted at a different rate. 
Much of the oxygen demand of final effluents from conventional 
treatment facilities has been due to the residual suspended organic 
material in these effluents. Bunch, et al. (5) found that 20 to 
55 percent of the final effluent COD was due to material capable of 
being removed by filtration through No. 5 Whatman filter paper. 
Others (33, 34) also have indicated that a major source of the oxygen 
demand in final effluents was caused by the residual suspended material. 
When the removal of organic material attained by conventional 
facilities has been insufficient to prevent pollution damages, additional 
treatment has been required. Such further treatment has been called 
tertiary treatment in sequence with the commonly used designation of 
primary and secondary treatment. 
Since much of the oxygen demand in the final effluents has been 
due to the suspended material, many processes used or advocated for 
tertiary treatment involve use of physical-chemical means for further 
suspended solids separation. Processes currently in use include rapid 
sand filters, diatomite filters, microstrainers and pebble-bed clari­
fiera (12, 25, 28, 33, 34). 
Some attempts to improve the efficiency of such solids removal 
have used chemical coagulation and flocculation as well as further 
sedimentation prior to filtration. The combination of these operations, 
which are modifications of conventional drinking water treatment pro­
cesses, can be quite effective in removing suspended organic material 
from final effluents from conventional treatment facilities. 
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Advanced Waste Treatment 
As the removal of organic material from final effluents increases 
due to tertiary treatment, the treated waste water becomes more like a 
renovated water capable of another cycle of use. In 1960 (35), the 
United States Public Health Service initiated an Advanced Waste Treat­
ment Research Program (AWTRP) to study processes which might be of use 
in the renovation of sewage such that the water portion could be re­
used. The renovated water would have a quality similar to the original 
drinking water supply. 
The 1964-1967 Summary Report (36) gave two main reasons for con­
sidering advanced waste treatment. The first and most immediate reason 
was the need to alleviate the growing water pollution problem in the 
United States. The second reason given, perhaps more important in the 
future, was the need to make waste water more applicable to partial or 
to complete reuse in an economical manner. The economics of the potential 
treatment will determine when and how the advanced waste treatment 
processes will be implemented on a large scale. 
A wide variety of processes have been studied under the AWTRP. These 
have various degrees of potential for the further treatment of waste 
waters. Most of the processes have been evaluated on the basis of their 
incorporation into facilities for the treatment of the waste water such 
that the treated waste water would be capable of complete reuse. This 
approach obviously solves the apparent waste water pollution problem. 
However, there still are problems involved in the ultimate disposal of 
the suspended material removed from the waste water. 
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Many of the more sophisticated processes evaluated by the AWTRP 
involve both high capital costs and high operating costs. Processes such 
as foam separation, electrodialysis, activated carbon adsorption and 
many other more sophisticated processes have been evaluated. These 
processes do not appear to be immediately applicable to the problem 
facing the country today in the continued pollution damage to our water 
resources and to the environment. 
The 1964-1967 Summary Report (36) emphasizes that the concept of 
advanced waste treatment might involve incorporation of a number of unit 
processes into a system for the treatment of the waste water. Systems 
can then be designed to provide the degree of treatment needed for the 
desired effluent water quality. This type of approach thus incorporates 
tertiary treatment as one of the first steps in an advanced waste treat­
ment system. Such an inclusive concept would be historically similar 
to the manner in which the secondary processes developed as the need 
arose for better treatment than was provided by primary treatment alone. 
The solids separation type of tertiary treatment such as filters and 
microstrainers seems to be a logical first step in this evolution. 
When efficient solids removal processes are incorporated into a 
system for treatment of domestic sewage, the soluble organic portion of 
the waste water will still be a problem. This soluble organic material 
in the final effluents has sometimes been referred to as "refractory" 
material. This portion of the waste water may also include appreciable 
amounts of colloidal material. The term refractory has been used to 
indicate that fraction of the organic material which has been difficult 
to remove by conventional complete treatment facilities. 
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The first Summary Report of the AWTRP (35) used the term refractory 
to indicate the difficult-to-remove parts of the waste water constituents. 
However, the report also pointed out that there are no materials which 
are completely resistant to biodégradation: 
...Although under proper conditions and with sufficient 
time, all organic material may be degraded by appropriate 
organisms, complete degradation does not occur on a 
practical basis and residual or refractory materials 
remain in the effluents.... 
Refractory material in domestic sewage could be resistant to 
removal merely because the concentration of the material in the final 
effluents is so dilute. Even the organic material in raw sewage is a 
rather dilute substrate. Reduction of the organic material by a ten-fold 
factor (90 percent removal) makes the substrate even more dilute, if 
this refractory material in the waste water was biologically utilized 
by oxidation and synthesis of new cell material, or even coagulated and 
flocculated by biological means, this refractory portion could then 
be subjected to solids separation processes similar to those used in 
tertiary treatment processes. The result could be a significantly 
improved degree of treatment. The problem of developing a practical 
means of greater organic solids (refractory) removal has been a typical 
engineering problem of the first degree. 
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BACKGROUND 
General 
This dissertation describes the research involved in developing a 
new tertiary treatment process. As developed, the process utilizes 
the physical-chemical adsorption of soluble and colloidal organic 
material from solution at a solid-liquid interface as a concentration 
effect. The refractory organic material concentrated from the dilute 
final effluents at the interface of media such as sand allows micro­
organisms growing at the solid surfaces of the media to provide a sig­
nificantly greater utilization of the organic pollutant material in the 
waste water. 
In 1965, a study (20) was made of organic material adsorbed in 
activated carbon columns from the final effluent of the City of Ames 
Water Pollution Control Plant. The first step in the collection pro­
cedure used in that study involved filtration of the final effluent 
from the conventional trickling filter-final sedimentation units through 
fine sand filters to remove the suspended particulate material. The 
sand filter effluent was then passed through columns of granular acti­
vated carbon to adsorb the organic refractory materials. The quantities 
collected in the activated carbon columns were small, in the range of 1 
to 2 mg/1. 
Other research (25) at Iowa State University and the treatment 
plant operating records of the City of Ames have shown that the final 
effluent has a chemical oxygen demand (COD) of 50 to 60 mg/1. This COD 
concenLcri Lion woulu lueuii LlinL uppiûxlmâLcly 2 milliuiûlcs/l ôf OxygcH 
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was required to oxidize a portion of the organic compounds in the final 
effluent. Use of 2 millimole/l of oxygen indicates that the organic 
carbon concentration in the final effluent should have been about 
2 millimole/l as carbon. Using a carbohydrate configuration as an 
average, the total concentration of organic compounds in the effluent 
should have been 50 to 60 mg/1. This crude approximation agrees generally 
with observed concentrations of volatile solids in the final effluent 
from the Water Pollution Control Plant. 
The 1965 study (20) indicated that an appreciable portion of both 
the suspended and the dissolved organic material must have been removed 
by the pretreatment sand filters. Another possibility was inefficiency 
(low percentage removal of organic materials) of the activated carbon 
column. Reported efficiencies of activated carbon adsorption, however, 
did not support the latter view, Myrick and Ryckman (27) also indi­
cated that sand filters were not satisfactory for pretreatment when ad­
sorbing refractory organic material onto activated carbon columns. 
The project at Iowa State University (20) also showed that most of 
the fractions of organic material collected were biodegradable when in 
a concentrated solution or suspension. Respirometer studies indicated 
that the biodegradability of several fractions from the adsorbed material 
was quite high. However, these indications of the biodegradable nature 
of the organic compounds in a concentrated solution were not typical of 
the dilute substrate environment representative of final effluents. 
In evaluating that study, two main questions came to mind. First, 
was the adsorption of organic material onto sand significant? Second, 
could adsorption onto sand, if significant, be incorporated into a 
11 
treatment process for treating final effluents from conventional sewage 
treatment facilities? It was hypothesized that the concentrating effect 
of adsorption may allow further biological degradation as indicated by 
the respirometer studies. 
Consideration of Adsorption Phenomena 
Consideration of adsorption from solutions will eventually lead to 
the classical Gibbs adsorption equation (1, 2). 
g 
where (F) is the excess surface concentration of solute per unit area, (c) 
is the bulk concentration of the solute, (R^) and (9) are the universal gas 
constant and the absolute temperature, respectively. The term (dy/dc) is 
the change in interfacial tension with the change in solute concentration. 
This term can be approximated by the change in surface tension of a solu­
tion with an increase or decrease in the concentration of the solute. 
If a solute decreases the surface tension of a solution, the Gibbs 
equation indicates that the concentration of the solute molecules at a 
solid-liquid interface will be greater than the bulk solute concentration. 
This is the case with almost all organic compounds. Some typical values 
of (dY/dc) are shown in Table 1. These values were calculated from 
basic handbook data (22, p. 1654). A number of the compounds listed have 
large negative values of (dY/dc) indicating a strong tendency to con­
centrate at an interface. 
1 2  
Table 1. Change of surface tension with concentration of various 
organic compounds in solution 
dY 
dc 
erg liter 
2 
Compound cm mole 
Formic acid 5 
Acetic acid 25 
n-butyl alcohol - 252 
Iso-butyl alcohol - 218 
n-butyric acid - 328 
Iso-butyric acid - 513 
n-valeric acid - 823 
Iso-valeric acid - 563 
n-caproic acid - 2140 
Iso-caproic acid - 2450 
Propylamine - 99 
Pyrocatechol 22 
Succinic acid - 32 
Sucrose + 2 
Glycerol 0 
Glycol 2 
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As an example of the change in surface tension with a change in 
solute concentration, the relationship for n-caproic acid is shown in 
Figure 2. This type of surface tension variation is typical of the 
organic compounds listed in Table 1. As can be seen in the figure, the 
slope, (dV/dc), of the curve in Figure 2 is greatest when the solute 
concentration approaches zero. Thus, the effect of adsorption from 
solutions according to the Gibbs equation will be most important when 
the solute concentration is low. 
It should be possible to obtain a sizable concentration effect of 
the organic material at an interface by increasing the surface area in 
contact with the dilute solution. Since the final effluents are rather 
dilute solutions, the adsorption effect could be quite significant; 
more so than with raw sewage, which although still a dilute solution, is 
much more concentrated than the final effluents. 
It should be pointed out that the surface excess, which is the ad­
sorbed material, also varies directly with the bulk solute concentra­
tion. Therefore, these two factors, (c) and (dY/dc), tend to counter­
balance each other. It is the relative rate of change of the product 
(c) times (dY/dc) that controls the extent of adsorption of a particular 
compound from solution. 
Recent studies on the use of coal as an adsorbent in waste water 
treatment provided further impetus to this research. The results of 
the U.S. Bureau of Mines study (19) showed an adsorption of 0.1 to 1.0 mg 
COD/gm coal from final effluent during a two-hour contact period. The 
coal had a diameter of 0.3 mm and a coal suspension of 3 gm/l was used. 
The final effluent, after filtration through laboratory filter paper. 
14 
u 60 
MOLAR CONCENTRATION % lO"? moles/liter 
Figure 2. Change of surface tension in aqueous solutions of n-caproic icid 
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had a bulk concentration of 20 mg/l COD. The surface area per unit 
volume of particle has been defined as (S/d) (13, p. 27-11) where (d) is 
the particle diameter and (S) is the shape factor. Coal has a density 
of about 1.65 gm/cc. Using the coal suspension concentration of 3 gm/1 
and an estimated shape factor of 7.7, a surface area of approximately 
2 
46.6 cm /I of suspension is estimated. 
Considering a COD removal in the order of 0.1 mg COD/gm coal, ap­
proximately 0.3 mg/l COD was removed from the suspension. This adsorp­
tion would be equivalent to a surface excess (D of approximately 
2 0.006 mg COD/cm surface area. Considering an average dimension of 
-4 
bacteria to be about one micron or 10 cm, the effective COD concentra­
tion in the micro-environment of a bacterial cell around the coal 
particle would be 0.006 divided by 10 ^  or 60 mg COD/cc which is equal 
to 60,000 mg/l of COD. This hypothetical micro-environmental concentra­
tion compared to a bulk solution concentration in final effluent of 
20 mg/l COD is indeed a significant concentration effect. 
Historical Aspects of Interfacial Area in Sewage Treatment 
The importance of interfacial area in the biological treatment of 
waste waters has been known for some time. Buswell et al. (7, 8) in 
1928 outlined the development of interfacial concepts to that time from 
basic consideration of the Gibbs equation. Buswell et al. (8, p. 22) 
and Adam (1, p. 113) point out that many colloidal solutions show an 
adsorption effect several times greater than indicated by the Gibbs equa­
tion. 
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Distinguishing between soluble, colloidal and suspended particles 
involves an arbitrary classification. There is a continual gradation 
of materials, both in size and in actions, from soluble through sus­
pended materials. This has led to defining the colloidal solution as 
the bridge between the size classifications represented by true solu­
tions and by suspensions. These materials in colloidal solutions are 
also called detergents or surface active materials. The whole field of 
detergents and surface active compounds which make up the colloidal 
solutions has a large volume of literature (2) by itself. 
Early attempts to utilize the concentration effect of increased 
surface area were applied to processes used in treating raw or settled 
sewage. Devices such as the Travis colloider, the "Tauchkorper" by 
Imhoff and the Nidus tanks by Buswell were discussed by Buswell et al. 
(7, 8). The devices were never utilized to any great extent in practice. 
The only device in use treating settled sewage which attempts to in­
tentionally incorporate the interfacial area effects are the contact plate 
aerators. These units were used at some military installations during 
World War II and were discussed by Fair and Thomas (14). 
The surface area per unit volume of a media varies inversely with 
the size of the media. Thus, the surface area of a given weight of 
media can be increased by reducing the size of the media. Most efforts 
to increase the interfacial area, and thus to enhance biological sewage 
treatment by the concentration effect, have attempted to reduce the 
size of the media. Reduction of media size does increase the surface 
area significantly. However, as smaller and smaller media are used in 
trickling filters or in intermittent sand filters, for example, the units 
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tend to clog with the biological material which is coagulated from the 
waste water or is synthesized by the microorganisms. Much or all of 
the advantage of the greater surface area is offset by the very practical 
problem of clogging in these treatment methods. 
Adsorption Effects in Natural Waters 
Microbiologists and other scientists have studied the effects of 
surface area on bacterial growth in natural waters. These natural 
waters are dilute solutions of organic materials, or substrate, which 
are found in the rivers, lakes and the ocean. As the degree of 
treatment given sewage increases, the closer will final effluents match 
the characteristics of these natural waters. 
Zobell and Anderson (41) stored various volumes of sea water at 
16°C. The growth of the bacteria in the sea water was observed with 
the time of storage. The bottles used for storage of the samples were 
geometrically similar. Consequently, the surface area in contact with 
the sample per unit volume increased as bottle volume decreased. They 
found that the maximum concentration of bacteria observed during the 
storage period was directly proportional to the surface area per unit 
volume of the glass storage bottles. They attempted to significantly 
increase the surface area by adding glass beads to the stored sea 
water. The effect of the increased surface area was less than had been 
expected from the previous results. They hypothesized that the surface 
area was not as available to the bulk of the solution as was the glass 
surface of the bottles. 
Rubentschik et al, (29) found that adsorption of bacteria onto the 
various fractions of silt and clay from bottom materials of a salt lake 
was primarily dependent upon the type of organism involved. They also 
found that the bacteria adsorbed onto the clay and silt were held very 
tenaciously and could not be washed off completely. 
Gunnison and Marshall (16) likewise found that the amount of ad­
sorption of bacteria onto various inert media was more dependent upon 
the type of bacteria than upon the type of media used. 
Stark et al. (32) found that the growth of organisms stored in 
lake water was similar to the growth patterns observed by Zobell and 
Anderson (41) in stored sea water. They found that measurable amounts 
of organic material from natural lake water would accumulate on clean 
glass slides submerged in natural lake waters. 
Butterfield (9) found that although all samples of Ohio River water 
had increased bacterial densities upon storage, the size of the con­
tainer had no effect on the maximum bacterial density. 
Heukelekian and Heller (17) demonstrated the influence of surface 
area on the growth of E. coli in dilute nutrient solutions. Using a 
one to one nutrient solution of glucose and peptone, the growth of E. coli 
was appreciably accelerated by increasing the surface area through the 
addition of glass beads to the substrate solution. The effect of the 
glass bead surface area was not discernible when the nutrient solution 
concentration was above 50 mg/1. When the nutrient solution concentration 
was below 5 mg/l the rate of growth of E. coli was independent of the 
nutrient concentration if glass beads were present. The rate of bacteria 
growth without the glass beads was directly related to the substrate 
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concentration when it was below 5 mg/l. At 0.05 mg/l substrate concen­
tration, the organisms did not show any growth without the glass beads, 
even after a 72-hour incubation period. 
They also found that an acceleration of the growth of E. coli could 
be obtained with agitation of the nutrient solution by air bubbles. The 
effect on the growth was much less than when sand or glass beads were 
present. Agitation of the nutrient solution without the sand or glass 
beads or air bubbles also increased the bacterial growth. However, the 
effect was only about 10 percent of the effect of the surface area 
without any agitation. They concluded that surfaces enable bacteria to 
develop and grow in substrates otherwise too dilute for growth of bacteria. 
Zobell (40) conducted experiments with sea water and found that 
the effect of increased surface area was similar. When 10 mg/l of 
either glucose, glycerol or lactate was added to the sea water, the bene­
ficial effect of the surface area could not be demonstrated. However, 
when 5 mg/l of sodium caseinate, lignoprotein or emulsified chitin was 
added, the beneficial effect of increased surface area could be demon­
strated. The materials in the first case show little or no adsorption 
according to the Gibbs equation. The materials in the second case were 
protein in nature, probably of a colloidal solution character. It was 
indicated earlier that the colloidal solutions can show adsorption several 
times greater than the Gibbs equation would indicate. 
Mitchell reviewed the effect of surface area upon bacterial growth 
and stated (26, p. 174): 
...The effectiveness of growth enhancement by the surface 
phase in very dilute media evidently depends upon Lwo 
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primary factors: the tendency for essential nutrients 
to accumulate at the interface and the tendency of 
the organisms to become adsorbed at the site of high 
nutrient concentration... 
The work of Zobell et al. (42) showed a dramatic beneficial effect 
of surface area on the rate of biological oxidation of petroleum com­
pounds. Hydrocarbons are very slowly attacked by marine organisms in 
normal sea water solutions since the hydrocarbons are relatively in­
soluble and, thus, are inaccessible to the organisms. Sterilized sand, 
asbestos fibers or infusorial earth were added to the hydrocarbon in 
sea water solutions in separate experiments. The rate of hydrocarbon 
oxidation was increased 2 to 10 times due to the presence of the media. 
The increased biological oxidation was particularly noticeable with 
the benzene and gasoline fractions of the petroleum. 
Surface Area Effects in Biological Treatment 
The literature indicates the general beneficial effect of increased 
surface area on biological treatment but mostly as applied to settled 
or raw sewage. Fair et al. (13) indicate that the general qualitative 
effect of increased interfacial area increases the kinetic reaction co­
efficients. However, the nature of the interfacial surface and of the 
waste water are both involved in the phenomena. 
Eden (11) has shown that BOD removal by standard rate trickling 
filters was directly related to the specific surface area of the media 
used in the filters. The overall BOD removal increased from 90 to 95 per­
cent with an increase in the specific surface area from 20 sq ft/cu ft to 
60 sq ft/cu ft. This same increase in specific surface area of the 
trickling filter media increased the removal of surface active material, 
such as detergents, from 55 up to 80 percent. A typical surface active 
material would be an alkyl-benzyl sulfonate (ABS). The ABS materials 
used in detergents at the time of the study were poorly removed by 
secondary processes such as trickling filters or activated sludge units. 
It should be pointed out that ABS would fall into the category of 
colloidal solutions which have been shown to adsorb in quantities greater 
than the Gibbs equation indicates. 
Much of the difficulty in removal of residual organic material in 
final effluents has been due to the low concentration of the organic 
materials. It takes more contact time for an organic substrate to come 
within the range of the organisms which will utilize the material. By 
providing a proper biological environment where the dilute organic 
materials are concentrated to some extent, the rate of biological growth 
should be increased. When the rate of biological growth increases, the 
rate of organic material removal will also increase, a desired end result. 
PROCESS CONFIGURATION 
In order to make practical use of the potential concentration effect 
of refractory organic material by increased surface area, a new process 
for tertiary treatment of waste waters was proposed. The process con­
figuration developed, as shown in Figure 3, uses a column or bed of 
fine media approximately 1 mm diameter to provide a large surface area. 
Waste water flow is directed upward through the 1-1/2 to 3 ft deep media 
bed and air is supplied in a co-current flow pattern to supply oxygen 
for biological activity as well as to provide a pulsing agitation action 
to the bed of fine media. 
The purpose of the process configuration was to provide a large 
surface area by using fine media to concentrate, by adsorption, the 
organic material from the dilute waste water at the solid-liquid inter­
face. The concentration effect of the organic material allows micro­
organisms to concentrate at the solid-liquid interface and biologically 
utilize the adsorbed organic material by oxidation and by synthesis to 
new cell material, thus renewing the interfacial area for continued ad­
sorption of the organic material from solution. Figure 3 also shows 
that an additional solids separation unit can be added to the main PAB 
process unit to remove synthesized cell material which may be washed 
off the PAB media by the pulsing action of the air and waste water flow 
and thus increase the total organic material removal from the waste water. 
A large interfacial area was desired for the media used in the PAB 
process. An increase in surface area is most readily attained by reducing 
the size ot the media in contact with the waste water. Media in the size 
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range of 1 nm, as used in rapid sand filters, has a surface area approxi­
mately 50 times that of the 3 to 4 inch rock used in a conventional 
trickling filter. Media of that size is relatively easy to handle and 
is readily available. 
A rapid biological regeneration of the surface area due to bio­
logical oxidation and synthesis of the organic material concentrated on 
the media was desired for the successful operation of the process. 
This was the end result to be expected if the concentration effect could 
be attained and if the organic material was capable of further bio-
degradation when it was concentrated, 
Rubentschik et al. (29) and Gunnison and Marshall (16) demonstrated 
that bacteria were very tenaciously attached to various media. The ex­
periences reported by Ghosh et al. (15) with organisms in rapid sand 
filters used for iron removal are a good example of the tenacity of the 
microorganisms which were attached to the sand. They observed a high 
rate of oxygen use per unit depth of filter bed due to attached micro­
organisms. Extensive b.ickwashing and chlorination of the sand filter 
did not completely remove the organisms. 
Pettet et al. (28) found that there was a 3.3 to 3.7 mg/l decrease 
in dissolved oxygen as waste water passed through rapid sand filters 
used for tertiary treatment. The decrease in dissolved oxygen due to 
biological activity in the filter beds indicates that the media would 
allow biological life to flourish. Considering only the oxidation 
effects, the loss of dissolved oxygen through the filter beds accounts 
for 20 to 50 percent of the total BOD removal by the filters. 
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From these experiences, it seemed apparent that bacteria are 
capable of attaching themselves firmly to a media. The attachment 
appeared to be such that agitation of a media bed would not wash out or 
abrade off all of the microorganisms. Thus, it appeared possible to 
develop an active mass of organisms within a media bed capable of using 
the organic material from the waste water which was concentrated at the 
media-substrate interface. 
The 1-1/2 and 3 ft media depths used in the PAB process development 
were kept comparable to the media depths in a rapid sand filter so that 
the head losses through PAB process media beds could be kept relatively 
low. Consequently, pumping the waste water higher by the extra amount 
of head loss through the PAB units would result in a nominal increased 
cost in a practical installation. 
Any process or unit developed must be free from clogging by bio­
logical films or from accumulation of solid materials. Processes that 
require cleaning or excessive maintenance should be avoided. The 
failures of past efforts to improve sewage treatment by increased inter-
facial area have been caused by the media clogging or plugging problem. 
This is a very important consideration in the development of a practical 
process. The ultimate test will have to be in field tests of the units 
involved. 
A co-current air flow pattern was desired with the proposed treatment 
units for three reasons. First, the air provided the dissolved oxygen 
necessary for aerobic biological activity. Second, the smallest air 
bubbles would be present at the diffuser where they are formed. Under 
equal conditions, the greatest oxygen transfer will occur where the air 
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bubbles are smallest. The higher substrate concentration at the inlet 
of the PAB unit caused the biological metabolism to be the highest at 
this location thus requiring the highest oxygen transfer at this loca­
tion. By using co-current air flow, the greatest oxygen transfer will 
occur at the location where it is needed the most. Third, the air 
flow would provide agitation of the media bed and serve to prevent 
plugging of the void spaces in the media. 
The action of the air in the agitation of the laboratory units 
gave the process its name. The bubbles of air emerging from the air 
diffuser at the bottom of the media column coalesced into larger 
bubbles flowing upward through the media. The larger bubbles of air 
passed upward through the bed in a pulsating manner so that the column 
of media had a pulsing appearance. Thus, the proposed tertiary treat­
ment process was called the PULSED ADSORPTION BED or PAB process as 
shown in Figure 3. 
A final consideration in the development of the PAB process for 
tertiary treatment of sewage is the economics of the process. The rapid 
sand filter operating at 1 to 2 gpm/sq ft has proven to be economically 
feasible for use in tertiary treatment in several instances. It was 
desired that the PAB process developed also operate with a hydraulic 
loading rate in the range of 1 to 2 gpm/sq ft used with rapid sand 
filters. In this manner, an early indication of the economics of the 
PAB process could be achieved. A general hydraulic flow rate of 
2 gpm/sq ft was used to start the experimental work. 
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DIMENSIONAL ANALYSIS 
Dimensional analysis, or similitude (23) has been used to develop 
prediction equations which lead to systematizing data collection through 
reduction of the number of variables which must be considered. The 
process variables involved in the PAB process are physical, chemical and 
biological in nature. The chemical environment is defined within rela­
tively narrow limits by the character of the dilute solutions that make 
up final effluents. Many of the measures used to define the chemical 
environment, such as the pH and dissolved oxygen, are obviously important 
to the biological activity. For this particular case, the chemical 
aspects were essentially fixed and were not varied in this study. 
The physical variables of the process (such as the media size 
and hydraulic flow rates) define the physical environment. The 
physical variables are the major elements within the control of the 
engineer in designing effective biological treatment systems. The 
design or operation of a biological sewage treatment system is, in 
reality, the variation of the physical and chemical environments so 
that the biological system produces the desired treatment result. 
The biological variables or environment can thus be viewed as the 
dependent variables. The physical variables and the chemical environ­
ment can then be treated as the independent variables. Since the 
chemical environment was essentially constant, the physical variables 
were considered as the experimental variables. The effectiveness of 
the PAB process, as measured by organic material removal, was assumed 
C O  b e  t h e  r e s u l t  ol L l i ê  biolcgical s y s t e m . .  The precise " f ?  hiiHa f h p t  
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the biological system was self-adjusting to reflect any major changes 
made in the physical variables or in the chemical environment. This 
major premise made it feasible to apply dimensional analysis to the 
physical and chemical variables of the PAB process. 
The first step required in the dimensional analysis of a system is 
the listing of the pertinent variables; those important in this study 
are listed in Table 2 under appropriate categories. As previously dis­
cussed, the effectiveness of the biological system is measured by the 
removal of the organic material. The premise was made that the bio­
logical system depends upon the chemical and physical variables. Con­
sequently, there are several variables which can be eliminated from 
further consideration. 
Similarly, there are known fundamental relationships between some 
of the other variables. These relationships were applied, further re­
ducing the number of variables. Some logical assumptions were also 
applied to aid in reduction of variables; these are listed in Table 3. 
Combining the assumptions that were made with the known relation­
ships shown in Table 3, some of the variables can be and were eliminated 
from consideration. The twelve variables remaining are listed in 
Table 4. These twelve variables were used in the dimensional analysis 
of the PAB process. The twelve variables listed are expressed in the 
three basic dimensions of mass, length, and time. 
Using the Buckingham Pi theorem (23, p. 18), the phenomena described 
by the twelve variables listed in Table 4 are expressed by nine dimension-
less terms since the variables are expressed in three basic dimensions. 
There are many possible sets of terms. 
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Table 2. PAB process variables 
Category Symbol Definition Dimensions 
Geometry A Area of bed 
H Depth of media L 
d Media diameter L 
S Media shape factor — 
Ps Media density ML-3 
e Porosity of bed — 
Hydraulic q  Waste water flow rate LV ^  
^a 
Air flow rate LV ^  
P Waste water density ML"^ 
Pa Air density ML"^ 
Waste water viscosity 
r—
1 
H
 
1 
^^a 
Air viscosity 
h Head loss L 
g Acceleration of gravity LT"^ 
Chemical and 
biological 
c 
o 
Influent substrate con­
centration 
ML'^ 
c 
e 
Effluent substrate con­
centration 
ML"^ 
t Contact time T 
B Mass of biota M 
e  Temperature — 
0 Dissolved oxygen con-
veil Ui. O. U 
ML'^ 
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Table 3. Elimination of variables for dimensional analysis 
Variable to be 
eliminated or 
replaced 
Known fundamental relation­
ship or assumption made 
A and q 
t 
0 
H and p 
and 
V = q/A 
t = He/v 
Dissolved oxygen will be 
kept above 1 mg/1 and will 
not limit the biological 
system. 
The mass of biological life 
in the process bed will be 
a function of the physical 
environment. 
V = |i/p 
Dynamic similarity is 
attained by kinematic 
similarity. 
Dynamic similarity is 
attained by kinematic 
similarity. 
Since the media bed is 
relatively fixed and not 
fluidized, the media 
density does not affect 
the physical environment. 
The temperature effect on 
the biological system is 
reasonably predictable. 
The temperature effect on 
the physical and chemical 
variables will be reflected 
by their values. 
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Table 4. Variables used in dimensional analysis of the PAB process 
Variable Dimension 
H L 
d L 
S 
-1 
V LT 
-1 
V LT 
a 
lV^ 
a 
g LT"2 
h L 
-3 
c ML 
o 
-3 
c ML 
e 
The only restriction for the terms is that they should be dimension-
less and be independent. One possible set of dimensionless terms is 
shown below. Because of the name of the Buckingham Pi theorem, the 
terms are frequently called pi terms. (The term rr has no connection 
with the mathematical constant having a value of 3.14.) 
"i = f 
o 
"2 = ^  = V 
Vgd 
^'3 " V ^a 
a 
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Ti^ = ^  - F (5) 
"5 ° 
"6 = ! 
"7 = T 
TTg = S (9) 
TTg = e (10) 
The functional relationship of the phenomena can be expressed as: 
f 1' I' f' 
o 
Even with this reduction in the number of variables, it was impossible 
to develop a general process prediction equation. It was not, however, 
intended that a general prediction equation would evolve from the ap­
plication of dimensional analysis since the phenomena involved are too 
complex. Instead, it was intended that certain dominant factors would 
be identified for observation in the experimental work in the develop­
ment of the PAB process. 
From the functional relationship in Equation (11), it was deduced 
that all of the factors which could be varied to any appreciable 
degree in designing the PAB process are included. The identification 
of the pertinent terms in the functional relationship of Equation (11) 
did allow the factors to be systematized to some extent. 
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The TT^ term which was the fraction of substrate remaining in the 
effluent is a measure of the effectiveness of the PAB process. The 
term (1 - TT) is the fractional efficiency of substrate removal and was 
the factor treated as a major dependent dimensionless term in the ex­
perimental program. 
The physical characteristics of the waste water and of the air 
(such as their density and viscosity) are reflected in the magnitude of 
the values for the term and were design factors to be considered. 
However, these characteristics are not readily capable of being altered 
to any great extent on a practical basis and these were considered 
constant for the particular experimental work involved at the temperatures 
used. 
The first group of controllable variables includes the media size 
and the media depth. The shape factor (S) is inherent in the type of 
media used. The initial porosity, (e) is also inherent with the type 
of media used. Consequently, once the type of media was selected, the 
TTg and TTg terms were established as constants. 
The second group of dimensionless factors includes the hydraulic 
terms TT^, and tt^. These terras are the Froude number (F) and Reynolds 
number for the two fluids, air (R^) and water (R^)> involved in the 
phenomena. It is to be expected that these dimensionless terms would 
be present in the relationship. The magnitude of the Reynolds number 
represents the relative importance of viscous forces involved, while 
the magnitude of the Froude number represents the relative importance 
of the gravitational forces involved. 
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In the three hydraulic dimensionless terms above, the variables 
which could be easily adjusted during an experimental run were the air 
velocity and the waste water velocity. The air velocity had the greatest 
range of values (approximately 20 to 1) in the experimental program, 
since other considerations, primarily economics, limited the range of 
media sizes, media depths and waste water velocities studied to about 
2 or 3 to 1, 
The process variables controlled during the experimental work were 
the air flow rate, the waste water flow rr.te, the media size, the media 
depth and the organic material concentration in the influent. The ef­
fluent concentration of organic material and the total head loss through 
the media bed were the observed process variables. Observation of the 
effluent organic material concentration was, in reality, the observa­
tion of the dimensionless term, (c^/c^), which measures the efficiency 
of the process in organic material removal and is an indication of the 
biological activity as affected by changes in the physical process 
variables. 
In a similar manner, the total head loss through the media bed was, 
in reality, the observation of the dimensionless hydraulic gradient, 
(h/H), reflecting different values of the physical and chemical variables 
which were controlled in the experimental work. 
Normal experimental procedures used to define the phenomena 
described by Equation (11) would involve holding all pi terms but one 
constant. Then, the effect of the variation of this pi term on the 
dependent term would be observed. By holding each pi term constant 
in turn, a general matrix of relationships could be evolved. 
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This procedure was not really feasible in studying the PAB process 
since there were two dependent dimensionless terms, the hydraulic 
gradient, (h/H), in the physical aspects and the efficiency term, 
(c^/c^), reflecting the biological situation. There were other con­
siderations, such as economics, which exerted additional constraints in 
the development of the PAB process. However, the experimental procedure 
for investigating the PAB process followed the lines of the general ap­
proach outlined above. 
The study and development of the new tertiary treatment process 
was conducted in three phases: 
1. An exploratory phase to establish overall feasibility of 
further development of the process. 
2. A media selection phase which involved variation of: 
a. Types of media 
b. Depths of media 
c. Sizes of media 
3. A loading parameter investigation, involving a single media 
(sand), of different sizes to define the optimum range of air flow 
rates and waste water flow rates from: 
a. Laboratory scale studies 
b. Pilot plant studies 
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SYNTHETIC WASTE WATER 
The PAB process is designed for the tertiary treatment of final 
effluents from secondary treatment processes. However, in this study 
it was necessary to conduct the initial laboratory studies using a 
synthetic waste water. Use of final effluent in the initial studies 
was impractical for two reasons: 
1. The cost involved in transporting, storing, and feeding 
large volumes of final effluent from a full-scale operating plant to 
the sanitary engineering laboratories on campus was prohibitive. 
2. The variable nature of the strength of the final effluent 
would eliminate any possibility of conducting steady-state experi­
mental runs over a period of several months. 
Since use of actual final effluents in the laboratory was not 
feasible, a synthetic waste water was developed and used. As a guide 
in establishing the synthetic waste water, typical characteristics of 
the final effluent at the City of Ames Water Pollution Control Plant 
were determined and are listed in Table 5. 
Table 5. Characteristics of final effluent from City of Ames Water 
Pollution Control Plant 
Nitrogen 
BOD COD mg/1 as N Phospha te 
mg/1 mg/1 NH^ NO. mg/1 as PO^ 
20 - 40 30 - 60 1 5 - 2 5  0 - 1 0  25 - 35 
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Similar results were obtained from the plant annual operating reports. 
The data listed agree closely with analyses of final effluents by 
Merry (25) and by Sedgwick (31) during their experimental work. 
A commercially available substrate material, Metrecal^, was 
selected as the basic ingredient so that the synthetic waste water could 
be easily obtained and duplicated for the experimental work. A con­
centrated stock solution of Metrecal was prepared by mixing Metrecal 
with distilled water. This stock solution was stored in a refrigerator. 
The stock Metrecal solution fed to the laboratory units was further 
diluted with University tap water to a COD level of approximately 
50 mg/1. This COD concentration was comparable to the COD level in 
the final effluent from the City of Ames Water Pollution Control Plant. 
At the COD concentration fed to the PAB units, the organic 
material in the synthetic waste water was about one-half soluble and 
colloidal and one-half suspended. This partition of organic material 
was approximately similar to the range of organic material sizes ex­
pected in final effluents from conventional treatment facilities. 
Diammonium phosphate and ammonium nitrate were also added to the 
synthetic waste water. These compounds were added so that the nitrogen 
concentration of the synthetic waste water to the PAB units would 
have 10 mg/l nitrate-N and 20 mg/1 ammonia-N for a total nitrogen con­
centration of 30 mg/1 as N. Similarly, the phosphate concentration in 
the synthetic waste water Vas adjusted to 30 mg/l as PO^. 
^Mead Johnson and Company, Evansville, Indiana. 
The diammonium phosphate provided a buffer action in the stock 
solution of Metrecal which was stored in the refrigerator. The ad­
dition of the diammonium phosphate kept the concentrated stock solution 
at a pH of approximately 7.5. Without the diammonium phosphate, the 
stock solution of Metrecal tended to curdle, even when stored in the 
refrigerator. 
The University tap water has a pH of 7.2 to 7.4 so that the 
synthetic waste water also had a pH of approximately 7.4. This pH would 
not limit the biological activity. It was assumed that the University 
tap water would provide any other trace elements necessary for biological 
life just as it does for the actual sewage from the University. 
The synthetic waste water as diluted to the 50 mg/1 COD concentra­
tion was a reasonably well balanced nutrient solution of proteins, carbo­
hydrates, and fats. The rate of biological utilization for most of the 
constituents in the synthetic waste water would be greater than for the 
organic compounds found in final effluents from complete treatment 
facilities. Consequently, it was anticipated that the process rate or 
loading using actual waste water may need to be lower than those used in 
the laboratory with the synthetic waste water. This aspect of the easier 
biodégradation of the synthetic waste water was considered and reflected 
in the relatively high loading rates used in the laboratory studies. 
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ANALYSIS OF SAMPLES 
General 
During various stages of the experimental work, analyses were per­
formed to determine the pH, temperature, silica, nitrates, nitrites, 
ammonia, phosphates, dissolved oxygen, chemical oxygen demand and bio­
chemical oxygen demand of the various waste streams. In addition, 
numerous determinations were made of the carbon concentrations in the 
waste waters. Most analyses were performed according to Standard 
Methods (3). The BOD analyses were modified by suppressing nitrifica­
tion during the incubation period with N-Serve^. The carbon determina­
tion is not a procedure described in Standard Methods. This analytical 
test is described in the next section. 
Since the experimental work for development of the PAB process was 
aimed at the reduction of the oxygen demand of the dilute waste water, 
the COD and the BOD analyses were naturally important parameters. A 
major problem was encountered in the analysis of dilute waste waters 
for the concentration of organic material present. The classical BOD 
and COD analyses are both indirect measures of organic material. They 
are both expressed in terms of the oxygen equivalents of the organic 
material which was actually present and which was exerting the oxygen 
demand during the biological or chemical breakdown of the compounds. 
These tests both require appreciable time since 5 days is needed for 
completing the ROD analysis and 3 to 4 hours is required for com­
pleting the COD analysis. 
^Dowco 163, Product of Dow Chemical Company, Midland, Michigan. 
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However, a more serious drawback of the BOD and the COD analyses 
is the lack of precision inherent in the test. This becomes more 
important with dilute waste waters such as final effluents. Ballinger 
and Lishka (4) report a standard deviation of 23 percent for the BOD test 
and 8 percent for the COD test. Both tests had been conducted on synthetic 
waste waters with COD concentrations comparable to those found in raw 
sewages. They further state: 
...various pure organic compounds exhibit significantly 
differing oxidizabilities in the dichromate test (COD)... 
During the early portion of the experimental work for this dis­
sertation, COD analyses were made with relatively poor consistency of 
results. The problems of poor precision in the COD and BOD analyses 
of final effluent have also been reported by Merry (25). 
Almost all of the samples analyzed in this study had less than 
50 mg/1 COD, the nominal concentration of the influent waste water to 
the PAB units. It was felt that the precision of the COD and BOD tests 
would not be sufficient to detect properly the effects of even major 
changes in the variables controlled during the experimental program. 
An analytical test was needed to indicate the concentration of organic 
material in solutions having less than 50 mg/1 COD, with an analytical 
precision of 1 to 2 percent. 
Total Carbon Analysis 
Theory 
The BOD and COD of a waste water are the oxygen equivalents of 
the carbon oxidation in the biological or chemical utilization of the 
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organic compounds found in waste waters. Other constituents of organic 
material such as hydrogen, phosphorous, sulfur and nitrogen will also 
be oxidized, but the contribution of these elements to the BOD and COD 
are minor compared to the oxygen demand of the carbon in the organic 
material. The ratio of the BOD or the COD to the carbon concentration 
in the organic material of the solution will depend on the particular 
organic compounds present in the solution. 
A. measurement of the organic carbon concentration in the waste 
water could be used to indicate the concentration of organic material 
present as well as or better than the classical BOD and COD measurement. 
The measurement of the organic carbon concentration is a more direct 
measure of the organic material than either the BOD or the COD. 
Recently, an apparatus, the Carbonaceous Analyzer^, has been developed 
for measuring the total carbon in solution. Both the organic and the 
inorganic carbon present in the sample are measured (30, 38). 
To determine the total carbon concentration, a 30 microliter sample 
of the waste water is injected into a fused quartz combustion tube 
heated to 950°C. The organic material is oxidized to carbon dioxide in 
the carrier stream of oxygen and the evaporation of the liquid portion 
of the sample at 950°C also converts the inorganic carbonates and 
bicarbonates to carbon dioxide. The combustion tube is partly packed 
with asbestos impregnated with cobalt nitrate to provide a catalytic 
effect for complete oxidation of the organic material to carbon dioxide. 
The carbon dioxide content of the gas stream leaving the combustion 
^Beckman Instruments, Inc., Fullerton, Calitornia. 
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tube is measured by an infrared analyzer with a signal output from 
the analyzer going to a strip chart recorder. 
Instrument calibration 
The instrument for total carbon analysis was calibrated using 
known concentrations of acetic acid solutions injected in the same 
manner as the actual waste water samples. Correlation of the recorder 
peak height in percent, with the total carbon concentration of the 
sample was used in this study, the normal calibration procedure used 
with this instrument. A typical calibration curve is shown in 
Figure 4. 
Inorganic carbonate interference 
Since the Carbonaceous Analyzer^ measures the total carbon content 
of the sample, and not just the desired organic carbon concentration, 
it is necessary to account for the inorganic carbon in the samples. 
In the early portion of the experimental work, the organic carbon 
concentration was found by the difference between the total carbon 
concentration of the synthetic waste water and of the tap water from 
which it was made. Assuming that the total carbon concentration of the 
tap water was due to the inorganic carbonates and bicarbonates, the 
difference in the total carbon concentration of the two samples would 
then be the organic carbon present in the waste water. For example, 
one analysis showed the tap water had a total carbon concentration of 
75.0 mg/1. The synthetic waste water had a total carbon concentration 
^Beckman Instruments, Inc., Fullerton, California. 
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Figure 4. Typical calibration curve for carbonaceous analyzer 
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of 93.0 mg/1 for the influent to the PAB units and 85.0 mg/1 for one 
of the effluent samples. The difference between the total carbon con­
centrations of 93,0 mg/1 and 75.0 mg/1 gives an organic carbon con­
centration of 18.0 mg/l for the influent sample and (85.0 mg/1 minus 
75.0 mg/1) 10.0 mg/1 for the effluent sample. 
This procedure for determining the organic carbon concentration 
suffers from the problems of precision in determining a small value, 
the organic carbon concentration, as the difference between two larger 
numbers, the total carbon concentrations of the waste streams. This 
procedure was abandoned and a carbonate purge procedure was used during 
most of the research work. With this procedure, the inorganic carbonates 
were removed from the samples prior to measuring the total carbon con­
centration. 
The first step in the procedure was to adjust the solution to a 
pH of 2.0 with concentrated hydrochloric acid, thus converting the in­
organic carbonates to carbon dioxide. The carbon dioxide was then 
stripped from a 50 ml sample by purging with argon or nitrogen at ap­
proximately 300 cc/min for 10 minutes. This procedure is similar to 
that suggested by Van Hall et al. (37). The carbon concentration 
measured after the sample was purged was considered to be the organic 
carbon present in the sample. 
The effectiveness of the purge procedure was tested, A stock solu­
tion of sodium bicarbonate and acetic acid was prepared with an in­
organic carbon concentration of 40 mg/1 and an organic carbon con­
centration of 40 mg/1. The 80 mg/1 carbon solution was adjusted to a 
pH of 2,0 with concentrated hydrochloric acid. Several 50 ml samples 
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were then purged with argon at a rate of 300 cc/min for various dura­
tions and the carbon concentration of the samples was measured. Figure 5 
shows that the ten minute purge duration was adequate to remove the 
inorganic carbonates. Figure 5 also shows that there was no apparent 
loss of the organic material from the solution with a purge duration 
three times that actually used. It would appear, therefore, that there 
was little loss of volatile organic material during the purge of the 
sample. Other studies (30) have also led to the same conclusion. 
As a further check on this aspect of the analysis, the carbon 
concentration in the synthetic waste water at the normal pH of 7.4 was 
measured before and after purging for ten minutes with argon at 
300 cc/min. The carbon concentration before and after purging was 
identical, which indicated that there was no measurable loss of volatile 
organic material during the purge procedure. The low pH condition 
(pH = 2.0) could have caused some loss of volatile material that would 
not occur at the normal pH of the waste but it was not felt that this 
would be significant in view of the results shown in Figure 5. 
Silicate Interference in Carbon Analysis 
In addition to the inorganic carbonate interference, it was found 
that there was an additional interfering substance in the samples being 
analyzed. University tap water, even after purging to remove the in­
organic carbonates showed a response in the recorder greater than the 
distilled water used for the zero level of carbon in the calibration. 
This recorder response (about 4 to 5 percent on the recorder) was 
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Figure 5, Effect of purge duration on removal of inorganic carbonates 
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equivalent to about 1.5 mg/l of organic carbon. Many of the PAB 
effluent samples analyzed had actual organic carbon concentrations of 
this order of magnitude. A relatively large correction was needed to 
account for the interference and considerable potential error existed. 
In an attempt to find the specific source of the interference, 
the tap water from the City of Ames was analyzed for organic carbon 
concentration. The University and the City of Ames both use shallow 
wells in the same alluvial aquifer. However, the City of Ames provides 
lime-soda ash softening of its water supply while the University provides 
only for iron removal. There is a two-fold difference in the total 
solids in the two waters: 200 mg/l in the City of Ames water and 
400 mg/l in the University water. Yet both water supplies showed the 
same interference effect in the Carbonaceous Analyzer^. It did not seem 
realistic that the organic carbon content of the tap water could be so 
high. 
The only major constituent which appeared to be comparable in 
both water supplies was the silicates since both supplies had the same 
alluvial well source and the silicate concentration is relatively unaf­
fected by the treatment processes used. Various solutions with different 
sodium silicate concentrations were prepared using distilled water and 
their apparent organic carbon concentrations were determined using the 
normal purge procedure. The interference effect of the silicates is 
shown in Figure 6. 
^Beckman Instruments, Inc., Fullerton, California. 
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Figure 6, Silicate interference in organic carbon analysis 
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The water sources used by the University and by the City of Ames 
have a silicate concentration of 30 to 40 mg/l as SiO^. The majority 
of the interference was thus accounted for. This interference problem 
was handled by analyzing a blank of University tap water which was 
treated in the same manner as the samples of waste water being analyzed. 
The blank correction was very consistent and the precision of the 
analysis was found to be reproducible. 
With samples of actual waste water, it would be difficult to use 
this type of blank correction for silicate interference unless the 
water supply from which the waste water came had a constant silicate 
concentration and there was no other source of silicates in the waste 
water. In the case of the waste water from the City of Ames and Iowa 
State University combined, the use of a blank correction is possible 
and this was the procedure used in this study as well as during the work 
by Sedgwick (31). 
Total, Soluble, and Suspended Organic Carbon 
The synthetic sewage used in this study had about one-half of the 
organic material in soluble or colloidal form and the other one-half 
was suspended. In any case, but in particular with organic material, it 
is difficult to establish definite size limits for the soluble, col­
loidal and suspended fractions since there ic a size gradation from 
soluble to suspended material and no sharp size limit is apparent. 
The organic material fractions analyzed in this study were separated 
by filtration through 0.45 micron membrane filters. This size limit 
was chosen primarily because this is the membrane filter size commonly 
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used to collect bacteria from water supplies and many similar studies 
have used this size of membrane filter for the same purpose. The 
0.45 micron size separation is near the upper limit for colloids as 
designated by Fair et al. (13, p. 30-8). 
For purposes of this study, the organic carbon content of the 
material smaller than 0.45 micron (that in the filtrate) was designated 
as soluble organic carbon, SOC, even though the material would also 
contain many of the colloidal particles. The organic carbon content 
of the sample prior to filtration through the 0.45 micron membrane filter 
was designated as the total organic carbon, TOC, of the sample. The 
organic carbon content of the solids retained on the 0.45 micron membrane 
was designated as the suspended solid organic carbon, SSOC. The SSOC 
was found by subtracting the SOC concentration of a sample from the 
TOC concentration of the sample. Thus, only the TOC and SOC of a sample 
were measured directly, 
Busch et al. (6) found that fresh membrane filters contain glycerol. 
Glycerol is a rather soluble organic material and is partially dissolved 
from a membrane filter pad during filtration of a water sample. To 
determine the amount of such soluble material which might be added to 
the filtrate, several experiments were conducted in which various 
volumes of distilled water were filtered serially through a membrane 
filter pad. The SOC of the filtrate was measured. The average results 
are shown in Table 6. 
The average increase in the SOC concentration of the filtrate was 
0.176 mg of carbon. Assuming that the material dissolved by the filtrate 
was glycerol, C^HgO^, the total loss in weight of the membrane filter 
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Table 6. Average increase in SOC of filtrate passed through a 0.45 micron 
membrane 
Filtrate carbon Carbon added to 
Filtrate volume, concentration filtrate 
ml mg/1 mg 
Distilled water before filtration 0,00 0.000 
0 - 100 1.12 0.112 
101 - 200 0.48 0.048 
201 - 300 0.08 0.008 
301 - 400 0.08 0.008 
Total carbon added to filtrate 0.176 mg 
would have been 0.45 mg. This weight loss would be near the median of 
the weight losses observed by Winneberger et al. (39) when the filter 
pads were washed or soaked in water. 
In order to remove most of the organic material which would be 
dissolved by the filtrate, all membrane filters were prewashed by 
passing 250 ml of distilled water through the pad before the actual 
waste sample was filtered. In addition, a blank was used in all of the 
SOC analyses to account for the balance of the increase in SOC from the 
membrane filter as well as the silicate interference previously discussed. 
As an example of the procedure used, the apparent TOC concentration 
of a sample of the synthetic waste yater was found to be 20.3 mg/1, 
A sample of University tap water was analyzed in an identical manner 
and the apparent TOC of the tap water 1,3 mg/1. The TOC concentration 
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of the waste water sample was reported to be 19.0 mg/1 TOC (20.3 minus the 
1,3 blank correction). 
Similarly, a membrane filter pad, prewashed with 250 ml of distilled 
water, was used to filter 100 ml of a PAB unit effluent sample. The 
apparent SOC concentration of the filtrate was 2.8 mg/l. Another membrane 
filter pad, prewashed with 250 ml of distilled water, was used to filter 
100 ml of University tap water. The apparent SOC of the tap water was 
1.1 mg/l. The SOC of the sample was reported to be 1.7 mg/1 SOC (2,8 
minus the 1,1 blank correction), 
TOC-COD Correlation 
The classical COD and BOD tests are still used in practice and 
will continue to be used to represent the concentration of organic 
material present in a waste water. Consequently, it was desired to 
correlate the TOC and the COD of the synthetic waste water. The COD 
tests were made in triplicate and particular care was taken to obtain 
reproducible results. Good correlation between the COD and the TOC 
results was obtained, as shown in Figure 7, 
Correlation of BOD and COD with TOC for actual waste waters has 
not been as satisfactory as shown by the test results reported by 
Schaffer et al, (30) and Sedgwick (31), However, with a large number 
of samples, a useful correlation probably can be obtained using actual 
waste waters. 
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Figure 7. TOC-COD correlation of synthetic waste water 
EXPERIMENTAL APPARATUS 
The laboratory apparatus was designed so that the synthetic waste 
water could be delivered continuously along with a supply of air to a 
battery of 5 PAB units. The apparatus consisted of the 5 PAB units, 
refrigerated storage for the concentrated stock solution of the synthetic 
waste, a system for diluting the concentrated stock solution with tap 
water to the organic concentration desired for the test, a mixing tank 
to provide a uniform waste characteristic, a feed system to deliver 
the waste water to the PAB unit and to permit measurement of head loss 
through the PAB unit, and a treated waste water collection system for 
the effluent. 
A schematic flow diagram for the laboratory apparatus is shown 
in Figure 8. A schematic diagram of a single laboratory unit is shown 
in Figure 9. Figure 10 shows part of the equipment in operation in 
the laboratory. 
When the PAB units were first placed in operation, the air bubbles 
would coalesce into larger bubbles, the larger air bubbles would then 
fill the entire tube cross section and this slug of air would lift the 
entire bed of media above it as a single mass like a plug. The media 
was thus forced out the top of the unit on several occasions. 
A coiled wire, in the shape of a spring 1 inch in diameter with a 
1-inch pitch, was added to each unit to break up the moving plug 
of media to prevent the loss of the media. The wire used was plastic 
covered electrical wire which was easily molded into the desired coil 
shape. I'he coil was successful iu piéVcûLiûg the loss of the nicdia. 
Such a device would not be needed in a larger full-scale unit since a 
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bubble of air could not coalesce to sufficient size to lift the entire bed 
above it. Several other modifications of the equipment were made before the 
laboratory units as shown in Figure 10 were operating in an acceptable 
manner. 
The concentrated stock Metrecal solution was injected into the waste 
water supply pipe by a small chemical feeder diaphragm pump. The suction 
of this pump was connected to a carboy of the concentrated stock solution 
stored in a refrigerator. The concentration of the stock solution in the 
carboy and the feed rate of the diaphragm pump was adjusted so that the 
Metrecal stock solution stored in the carboy would be sufficient for about 
2 days of operation. The diaphragm pump operated at ten injections per 
minute with the feed rate adjusted by changing the length of the stoke. 
The water supply for diluting the concentrated stock Metrecal solution 
to form the synthetic waste water was adjusted to a constant 15 psi pres­
sure using a pressure regulator. The constant supply pressure allowed the 
total flow rate to the 5 PAB units to be set by a single needle valve. A 
rotameter was used to measure the total flow rate of the diluting tap 
water. The rotameter used for tap water flow rate measurement was cali­
brated by measuring the time required to fill a volumetric flask. The 
calibration curve for this rotameter is shown in Figure 11. 
Initially, the diluted synthetic waste water was not mixed adequately 
and was reaching the PAB units in slugs of concentrated material. In an ef­
fort to smooth out the waste water characteristics, an 18-inch long section 
of 2-inch diameter acrylic plastic tube was added to the system as a mixing 
tank. A recirculating pump was used to provide the mixing action by re­
cycling waste water from the bottom of the tube back to the top (Figure 8). 
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The recirculating pump operated at 5 gpm which was sufficient to provide a 
turnover time in the mixing tank of 3 seconds. The mixing was adequate and 
the waste water characteristics were smoothed out so that a uniform flow of 
waste water with uniform characteristics was delivered to the PAB units. 
Synthetic waste water flowed from the mixing section to a feed mani­
fold, The purpose of the manifold was to divide the total flow equally and 
to deliver it to the supply tubes. The problem of dividing the total flow 
equally caused much of the operating problem in the early part of the re­
search, The feed manifold finally used was a 1/2 inch diameter stainless 
steel pipe. The pipe was drilled and tapped for conventional compression 
type fittings used with soft copper tubing as can be seen in Figure 10. 
The split of the total flow into the five equal streams was roughly estab­
lished by the five equal sized fittings and the same length of copper 
tubing used in each compression fitting. The head loss through the short 
lengths of copper tubing was made significantly greater than the head loss 
between the tubes in the manifold to effect uniform flow through each 
copper tube. 
Final adjustment of the flow division was accomplished by adjusting 
the compression nut on the fittings. As the compression nut was tightened, 
the diameter of the copper tubing was reduced slightly. By judicious 
tightening of these fittings, the diameter of the tubing was adjusted in 
this manner until the division of the total flow into five equal parts 
was satisfactory. 
The initial adjustment to the manifold was such that the flow to any 
one unit was within 3 percent of the mean flow rate as determined by volu­
metric flow measurement similar to the procedure used to calibrate the 
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rotameter. The equality of the split was checked periodically throughout 
the experimental period by volumetric flow measurement. The rate of flow 
to the units was almost always within 5 percent of the desired mean flow 
rate per unit. This was considered sufficiently precise since the overall 
flow rate was set by the rotameter reading which was only accurate to 
within 10 percent. 
The 1-inch diameter, 4-foot long glass supply tubes were fed from the 
manifold. These tubes were used to measure the head loss through each PAB 
unit as well as to provide a small reservoir for maintaining continuous 
pressure on the inlet pipe of each unit. These tubes also provided an air 
gap in the piping system so that any plugging of the units would allow the 
water to flow out at this point, which did happen on several occasions. 
Air from the normal laboratory air supply was used for supplying the 
oxygen to the PAB units. The line air pressure was reduced to about 40 psi 
and then further regulated to a constant 5 psi gauge reading. The piping 
to the air rotameters was large enough so that the pressure loss from the 
regulator to the rotameters was negligible. Each rotameter was thus at 5 
psi gauge pressure irrespective of the air flow rate. The air flow rate to 
each laboratory unit was set by a needle control valve on the outlet of 
each rotameter. 
The rotameters used for air flow measurement were calibrated by meas­
uring the time for a volume of air to pass through a displacement type wet 
test meter, A typical calibration curve for the air rotameters is shown in 
Figure 12. 
Tnltlslly ths ussd 5 coTiv^ntlot^^l 8 TTÏÏTI 
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porous carborundum plate (Aloxite grade 30) was used in the bottom 
of the PAB v.nits. 
The media for the different PAB laboratory units, except the 
Intelox saddles, was separated into various size fractions using U.S. 
Standard sieves. The size designated for the media diameter is the mean 
value of the openings in the sieves used for separation of the fractions. 
For example, the 0.92 mm diameter media passed the No. 18 sieve (1.00 mm 
opening) but was retained on the No. 20 sieve (0.84 mm opening). 
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OPERATION AND SAMPLING PROCEDURES 
Operation of the PAB laboratory and pilot plant units (to be 
described later) can be described best in chronological order. The 
experimental work was performed in five operational series: 
1. Exploratory Series (E-Series) 
2. Media Selection Series (MSA-Series) 
3. Media Selection Series (MSB-Series) 
4. Sand Operational Series (S-Series) 
5. Pilot Plant Series (P-Series) 
Exploratory Series 
The first series of runs was designated the E-series. During this 
exploratory period, several PAB units were operated with media depths 
of 18 inches. The rotameters and needle valves for controlling the air 
flow had not been installed and the air flow rates used can only be 
estimated. On the basis of later operational runs, the air flow rates 
for the E-series were probably quite high in comparison to those used 
in later runs under more controlled conditions. 
During the exploratory period, final effluent from the City of Ames 
Water Pollution Control Plant was used as the feed material. The 
laboratory units were first drained, then final effluent was added to 
refill the units and a 2-gallon waste water waste supply tank. The 
final effluent was recycled for 24 hours (approximately 100 passes through 
the units) until the procedure was started again with fresh final 
effluent. This procedure was used to determine whether the final 
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effluent did contain an appreciable portion of organic material which 
was biodegradable and to determine whether the PAB process configuration 
would operate in a manner satisfactory for laboratory and future pilot 
plant operation. 
There was sufficient indication that an appreciable portion of the 
final effluent was biologically removed. The exploratory runs indicated 
that the PAB process was operable, at least for the laboratory experi­
mental work. Table 7 shows some of the preliminary results that led 
to further work on the PAB process. The effluent was a composite 
sample from four units with 18 inches of different media in each. The 
PAB media were 0.72 mm sand, 1.10 mm anthracite coal, 1/4 inch Intelox 
saddles^ and 1.10 mm activated carbon. 
Table 7. Typical results of E-series runs using Ames Water Pollution 
Control Plant final effluent 
COD 
mg/1 
Waste water delivered Composited PAB effluent 
to PAB units 1-hour recycle 24-hour recycle 
122 80 30 
62 42 15 
46 44 16 
187 89 2 
118 — 18 
44 36 — 
•^U.S. Stoneware, Akron, Ohio. 
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The PAB process was developed with the intent of utilizing the 
adsorption capacity of the media for concentrating the organic matter 
on the media surface so that it could be easily utilized as a food 
material by bacteria. It was thought that the large adsorption capacity 
of activated carbon would make this material especially well suited to 
the PA"-^ process. However, there were indications that activated carbon 
might not be satisfactory in spite of its large adsorption capacity. 
It was observed that the activated carbon broke up under the abrasive 
action of the pulsed bed. This breakup probably would not be ac­
ceptable in full-scale operation. However, as mentioned previously, 
the air flow rate during this period was quite high and this additional 
agitation contributed to the disintegration of the activated carbon. 
Media Selection Series 
The second and third operational series were conducted to aid in 
selecting the type of media to be used in runs and to establish a range 
of desirable media sizes. This was the first step indicated by the di­
mensional analysis. Five laboratory units were operated with different 
media sizes and with different media types to establish criteria for 
further evaluation. The MSA-series runs used a media depth of 18 inches 
and the MSB-series runs used 36 inches of media in all of the units. 
The media sizes and depths used in the MSA-series and MSB-series are 
summarized in Table 8, 
On the basis of the results obtained in these runs, it was decided 
to use sand as a standard media during the balance ot the investigation. 
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Table 8. Media evaluated in MSA-series and MSB-series runs 
Size Depth 
Unit Media mm inches Comments 
MSA-1 Sand^ 0.72 18 — 
MSA-2 Intelox saddles^ 6.25 18 Plugged 
MSA-3 Glass beads 1.10 18 Plugged 
MSA-3A Anthracite coal^ 0.68 18 Broke up 
MSA-4 Anthracite coal^ 1.30 18 Broke up 
MSA-5 Sand^ 0.36 18 — 
MSB-1 Sand^ 0.92 36 — 
MSB-2 Sand* 0.46 36 — 
MSB-3 Anthracite coal^ 0.92 36 Broke up 
MSB-4 Anthracite coal^ 0.46 36 Broke up 
MSB-5 Activated carbon 0.92 36 — 
^Northern Gravel Company, Muscatine, Iowa. 
^U.S. Stoneware, Akron, Ohio. 
^Flexolite Manufacturing Corporation, St. Louis, Missouri. 
^G. A. Fuel Sales, Wilkes-Barre, Pennsylvania. 
^Pittsburgh Activated Carbon Company, Pittsburg, Pennsylvania. 
Sand was selected mainly because it is the lowest-cost media investi­
gated. The anthracite coal and activated carbon did not show higher 
removals sufficient to compensate for the higher cost of the media, 
particularly in the case of the activated carbon. The Intelox saddles 
tended to clog and were not studied further. 
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Sand Operational Series 
Most of the experimental data obtained in this study was collected 
during the S-series of runs using sand as the media. The sand media used 
throughout the study was a quartzite sand normally used in rapid sand 
filters. The media sizes used in the S-series runs are listed in Table 9. 
Table 9. Media sizes used in S-series runs 
Size Depth 
Designation Media mm inches 
S-1 Sand^ 0,92 36 
S-2 Sand^ 0,46 36 
S-3 Sand^ 1,44 36 
S-4 Sand* 0.65 36 
S-5 Sand* 0.65 36 
^Northern Gravel Company, Muscatine, Iowa. 
Pilot Plant Operational Series 
The P-series operational runs include a field pilot scale opera­
tional study conducted by Sedgwick (31) using a coarse, graded sand 
comparable in surface area to that used in the S-3 unit. That study 
(P-1 unit) ran concurrently with the S-series in the laboratory. 
At the conclusion of the laboratory S-series work, a shorter pilot 
plant run (P-2 unit) was conducted using a fine graded sand as the 
media. The fine graded sand was comparable in surface area to that 
used in the S-4 and S-5 units. 
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Sampling Procedure 
The laboratory apparatus design and operational procedures were 
based on achieving steady-state operation. Consequently, a grab sample 
taken at any time should have been sufficient to represent the effluent 
from an operating unit. Early in the experimental work, a number of com­
posite samples collected over a period of 4 to 6 hours were taken for 
comparison with grab samples, 
A grab sample of the influent and effluent was taken every 1/2 hour 
over the sampling period and added to a composite sample container. The 
composite mixture was analyzed. 
The grab samples were 1 liter samples. It took about 7 minutes 
to fill the sample bottles with the discharge from each PAB unit so the 
samples were not the instantaneous type of sample that grab samples 
usually represent. The overall average TOC removal using grab samples 
and the average TOC removal shown by the composite samples is listed in 
Table 10 for a period of operation during the MSA-series, Comparison of 
the results obtained with composite samples shows that they were 
comparable to the results obtained using the single grab samples. Con­
sequently, grab samples were used throughout the balance of the study. 
The influent and effluent samples used for overall unit performance 
evaluation account for most of the samples taken throughout the whole 
experimental period. In addition, some effluent samples were taken at 
various depths in the PAB media during the S-series. These depth 
samples were taken from sample taps in the sides of each unit at 6, 
18, and 30 inches from the bottom inlet pipe connection. 
70 
Table 10. Comparison of TOC removal based on analysis of composite 
samples and grab samples from MSA-series runs 
TOC removal in percent 
Unit Grab samples Composite samples 
MSA-1 44 47 
MSA-2 65 60 
MSA-3 42 40 
MSA-4 55 56 
MSA-5 50 53 
In an effort to prevent excessive disruption of the flow pattern 
during the sampling at the various depths in the media bed, the outflow 
rate from these sample taps was controlled by a clamp on the tubing. 
The depth samples were withdrawn from the PAB units at a rate of about 
15 ml/min which was about 10 percent of the total laboratory unit flow 
rate. The procedure followed was to collect the PAB unit effluent 
sample first in the normal manner and then progressively to take a 
sample at the 30-, 18-, and 6-inch depths. This order of sampling 
was used so that the flow rate past each sample tap was the normal flow 
rate up to the time of collecting that particular depth sample. 
Operating Problems 
There were numerous PAB process operating problems which occurred 
and were solved during the study. The problem of dividing the total 
flow equally to the PAB units has been discussed. The coalescence 
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of the small air bubbles at the air inlet point into larger bubbles 
when rising through the bed caused the pulsing effect which yielded 
the name of the process. The pulsing effect also caused an operating 
problem at the inlet to the unit. Because of the pulsing, the pressure 
at the inlet varied above and below the mean value. The amplitude 
of the pressure variation was sufficient to cause flow of media and 
air from the bed into the inlet pipe. Once flow started in this 
direction, there was less resistance to the air flow up the inlet tube 
than through the media bed. The air would then flow up the inlet 
tube instead of up through the media in the PAB unit, particularly 
when using the smaller media sizes, and the media would flow out of 
the unit into the inlet tube. The inlet would then clog with the 
media and overflow would occur with its attendant problems. This 
problem was solved by installing a small plastic check valve at the 
inlet to each unit. This prevented any backflow when the pulsing 
action of the bed caused a pressure increase at the inlet. This problem 
did not occur with the pilot scale units. 
Other equipment problems arose, but they were minor and relatively 
easily solved. However, after the equipment problems were controlled, 
the University tap water started to cause other problems. The tap water 
from the University had many periods of "red water" with very high 
amounts of iron, both colloidal and suspended forms. An activated 
carbon cartridge filter^ was placed in the water supply line to remove 
the iron from the water during those periods. This cartridge-type 
^Model C-3, Everpure Company, Chicago, Illinois, 
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filter did remove the iron that occurred during those poor water 
quality periods and prevented further problems from this source. 
Shortly after adding the activated carbon filter in the water supply 
line, a yellow biological growth occurred in the tubing and piping 
which had the synthetic waste flowing through it. Subsequently, the 
entire piping system and all tubing leading to the laboratory units 
(as well as the other equipment such as pumps) had to be cleaned 
periodically throughout the laboratory operational period to prevent 
plugging. 
The acrylic plastic tubes used for the laboratory units were also 
conducive to biological growths on the sides of the tubes. The 2-inch 
diameter tubes above the media were cleaned often, but sporadically, 
with a laboratory bristle brush. 
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EXPERIMENTAL RESULTS AND THEIR INTERPRETATION 
Adsorption 
Since the concept for the PAB process was based on adsorption of 
organic material onto sand particles, adsorption onto several types of 
media was investigated. At the beginning of the MSB-series runs and 
the S-series runs, the units were backwashed with distilled water for 
4 hours after the media had been washed with tap water for 24 hours. 
The beds were then drained and the media was allowed to air dry. 
After several days in an air dry condition, the flow of synthetic sewage 
was started into the units. 
The influent and effluent TOC concentrations were determined. 
This approach used to measure the adsorption of organic material onto 
the media was somewhat approximate since there were problems of setting 
the proper waste water flow rates and some air binding occurred at the 
inlets. However, the results were rather interesting. 
The adsorption of organic material onto sand was significant. The 
mass of organic material adsorbed onto sand and onto anthracite coal 
was not as large as would occur with a classical adsorbent such as 
activated carbon. However, the mass of organic material adsorbed was 
sufficient to indicate that a significant concentration effect could 
be attained even with relatively poor adsorbents such as sand and 
anthracite coal. 
Some typical PAB unit startup curves are shown in Figure 13 and 
Figure 14. 
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The area above the curve in Figures 13 and 14 beyond the tine when 
the flow reached the outlet represents the TOC adsorbed onto the media 
while the total area represents the total TOC applied to the unit. 
The time required for the effluent concentration to equal the influent 
concentration multiplied by the rate of inflow and multiplied by the 
influent concentration gives the total applied TOC during the startup 
adsorption period. The inflow rate used in the calculations was 2 gpm/sq ft 
in each case, although as mentioned before, there were some problems of 
setting the initial flow rate. 
By proportioning the area above the curve to the total area, the 
mass of TOC adsorbed onto the media during the startup was estimated. 
The correlation previously shown in Figure 7 was then used to determine 
the COD adsorbed onto the media. 
Next, the total surface area of the media was estimated. The media 
for each unit was weighed when it was added to the unit. The size of 
the media was established by screening with U.S. Standard sieves. The 
shape factor (S) was estimated to be 6,4 for the sand and for the acti­
vated carbon, A shape factor (S) of 7.7 was estimated for the anthracite 
coal. These estimates were made by comparing the media, as viewed under 
a microscope, to the figures and data in Fair et al. (13, p. 27-12). 
Knowing all of these factors, the total surface area in each unit was 
calculated by: 
SA = (|")(~) (12) 
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where (SA) is the media surface area in the unit, (S) is the shape factor, 
(d) is the media diameter, (W) is the mass of the media in the unit and 
(Pg) is the density of the media. 
Dividing the total mass of the adsorbed COD by the total surface 
area in the unit gives an estimate of the surface excess (F), as given 
by the Gibbs equation. The results of these computations are shown in 
Table 11. 
Table 11. Adsorption of COD onto various media 
Media 
Influent 
TOC 
mg/1 
Adsorbed 
COD 
mg 
Surface excess^ 
Measured Adjusted 
mg COD/cm^ 
0.46 mm sand 12.6 202 0.00145 0.00206 
0.65 mm sand 19.5 183 0.00193 0.00177 
0.65 mm sand 13.6 169 0.00169 0.00222 
0.65 mm sand 13.6 188 0.00190 0.00250 
0.92 mm sand 20.4 85 0.00120 0.00106 
0.92 mm sand 15.4 266 0.00374 0.00434 
1.44 mm sand 11.0 58 0,00128 0.00210 
0.46 mm coal 16.8 197 0.00206 0.00218 
0.92 nan coal 19.0 202 0.00208 0.00195 
0.92 mm activated 15.8 1084 0.01540 0.01740 
carbon 
^Adjusted to a 50,0 mg/1 COD influent concentration (18.0 mg/1 TOC). 
The influent TOC concentration varied during the startup operations. 
The Gibbs equation indicates that the mass of organic material adsorbed 
from solution by an adsorbent is directly proportional to the bulk 
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solution concentration. Therefore, in order to make meaningful compari­
son of the adsorption capacities, the results of the surface excess 
calculations were adjusted by simple ratio to an influent concentration 
of 50 mg/1 COD which would be 18.0 mg/l TOC. This adjustment assumes 
no change in the (dy/dc) term of the Gibbs equation for the small 
adjustments made. This normalization of the adsorption capacities is 
shown in Table 11. 
All of the media had a surface excess of about 0.002 mg COD/cm of 
surface area. As expected, the activated carbon had an appreciably 
higher adsorption capacity. Part of the activated carbon in the unit had 
been used previously. The total adsorption capacity of new or regenerated 
activated carbon would be several times greater than that found in this 
study. 
If the average thickness of the "micro-environment" around a media 
particle is assumed to be one micron, the effective volumetric concentra­
tion of the organic material in this micro-environment would be 
20 mg COD/CC. This represents a concentration of 20,000 mg/1 of COD 
in the micro-environment. A significant concentration effect is at­
tained even if the micro-environment is taken to be 100 times thicker 
since this would still yield a substrate concentration of 200 mg/1 COD 
which would be comparable to that observed in a settled domestic sewage. 
The appreciable concentration effect desired for a tertiary biological 
treatment process was demonstrated to be present with some rather ordinary 
type of media. 
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Operation Data 
The results from the organic carbon analyses that were performed 
during the MSA-series, the MSB-series, the S-series and the P-2 run are 
included in Appendix A, The influent TOC and the effluent TOC for the 
laboratory operational runs are plotted in Figure 15 through Figure 23 
respectively for each day during which analyses were made. The influent 
SCO and the effluent SOC for the S-series is plotted in Figure 24 
through Figure 26, Only a few analyses of the SOC were made during the 
MSB-series and no analyses of the SOC were made during the MSA-series. 
In the early part of the MSA-series runs, the Carbonaceous Analyzer^ 
was not yet in operation. The concentration of the organic material 
in the influent and in the effluent was determined by COD analyses. 
For evaluation purposes, all of the data which had been derived from the 
COD tests have been converted to TOC concentrations according to the 
correlation previously shown in Figure 7. 
The air flow rate and the waste water flow rate were both monitored. 
These observations are included in Appendix B with the head loss data 
which was obtained during all runs. 
Samples were taken and analyzed for phosphates, nitrates, ammonia 
and dissolved oxygen. The results of these analyses are tabulated in 
Appendix C, 
The data on the organic carbon analysis of the samples which were 
taken at the 6-, 18- and 30-inch depths during the S-series runs are 
tabulated in Appendix D. 
^Beckman Instruments, Inc., Fullerton, California, 
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Media Selection Runs 
The intent of the media selection runs was to select the best media 
and the range of media sizes which provided the best performance. This 
first step was conducted in accord with the approach indicated by the 
overall concepts from the dimensional analysis of the pertinent factors 
affecting the PAB process. 
MSA-series 
The nominal media depth used in this series of runs was 18 inches. 
As shown in Appendix A, the actual depth in each unit varied from this 
nominal depth. The variation in media depth was due to the loss of 
media from some of the units on several occasions. In addition to media 
selection, these runs also served the purpose of finding and eliminating 
many of the operating problems with the laboratory units. Because of 
the operating problems, the results of the MSA-series runs are probably 
not as reliable as the later runs that were conducted. The average per­
centage of TOC removal during the MSA-series runs is summarized in 
Table 12, 
In spite of the operational difficulties, the results were en­
couraging, The percentage of TOC removal was not as high as might be 
desired; however, the results did indicate that the process was workable. 
The percentage of TOC removal is not a complete indication of 
organic material utilization. The organic material removal measured by 
the TOC removal shown in Table 12 is indicative of only the oxidative 
substrate utilization. As previously shown in Figure 1, organic 
substrate utilization is a combination of oxidation and of associated 
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Table 12. Summary of results of the MSA-series runs 
Flow rates Average 
Waste water Air percent removal 
Unit gpm/sq ft cfm/sq ft TOC 
MSA-1 
0.72 
sand 
MSA-2 
1/4 i: 
saddles 
MSA-3 
1.10 
glass beads 
MSA-3A 
0.68 
coal 
MSA-4 
1.30 
coal 
MSA-5 
0.36 
sand 
mm 2.0 0.65^  44.3 
nch 2.0 0.50* 65.1 
mm 2.0 1.00* 
mm 2.0 1.00* 41.6 
mm 2.0 0.80* 55.4 
mm 2.0 0.40* 50.3 
*Estimated, 
conversion, by synthesis, of the organic material in the waste water 
to biological solids. In a treatment facility, these biological solids 
produced could be subjected to a solids separation process for removal 
from the liquid fraction of the waste water. Thus, the oxidative re­
moval is only a part of the actual substrate utilization and indicates 
only a part of the possible removal of the organic material when solids 
separation systems are added to the treatment facilities. 
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For many organic wastes, including domestic sewage, it has been 
shown (18) that about 0,4 mg VSS (assumed to be biological solids) are 
produced per mg COD removed. Using the correlation in Figure 7 between 
TOC and COD, this value of 0.4 mg VSS/mg COD would be equivalent to 1.11 mg 
VSS produced per mg TOC removed from the waste water by oxidation. 
Using a bacterial cell formulation of C^ W^ OgN, the TOC synthesized for 
production of the 1.11 mg VSS is calculated to be 0.59 mg TOC syn­
thesized per mg TOC oxidized (1.11 x 60 mg carbon/113 mg cell). On 
this basis, the total utilization of the organic material by both 
oxidation and synthesis would be 1.59 mg TOC utilized per mg TOC oxi­
dized, This is almost a 60 percent increase over the percent TOC re­
movals in Table 12 which are based on the oxidation removal alone, 
since no bacterial cells were removed from the waste effluent samples 
before analyses for TOC, 
The MSA-2 unit using Intelox saddles had the best removal of the 
units studied in the MSA-series, However, this media was not selected 
for further study because of operational problems. This media often 
became plugged by the biological growths produced. The saddles did not 
have a pulsing action like the other media and the clogging problems 
resulted from this lack of agitation. An additional reason for 
eliminating this media from further consideration was the rather high 
cost of the media in comparison to the other media evaluated. 
The rotameters and needle valves for the control of the air flow 
rate, which were so successful in later runs, were not in operation 
during the MSA-series runs. The air flow rate was estimated periodically 
by connecting the effluent air stream from a unit to a displacement 
95 
type wet test meter. The time for 0.1 cu ft of air to pass through the 
meter was measured. The procedure was similar to that used to calibrate 
the rotameters and the air flow rate determined at the time of observa­
tion was probably quite accurate. However, the operation conditions 
changed frequently. 
Air flow rates were controlled by laboratory clamps on the plastic 
tubing which was connected to a high pressure air supply. This arrange­
ment was not very reliable, and the air flow rate had to be adjusted 
frequently. The air flow rate was adjusted according to the appearance 
of the pulsed media in the units. Thus, the air flow rate during the MSA-
series was estimated, guided by the air flow rate determinations that 
were made with the wet test meter as described above. 
As shown in Appendix C, the dissolved oxygen concentration during 
these runs was sufficient to maintain aerobic conditions. The degree of 
agitation of the media did not appear excessive. It was during this 
operational period that the pulsing appearance of the bed led to the name 
of the process. 
The air inlet and diffuser used in the MSA-series of runs was a 
conventional 8 mm diameter coarse grade laboratory fritted glass fitting. 
The inlet pipe connection for the waste water discharged just below the 
air diffuser and intimate mixing was attained. 
The results for the MSA-3 unit containing glass beads are worth 
some discussion. As can be seen in Table 12, there were no data which 
could indicate the operational efficiency of these glass beads. The 
glass beads were originally selected because they are nearly perfect 
spheres and the surface area was well defined. Glass beads have also 
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been used in many experiments for the filtration of water to simulate 
the rapid sand filter, 
. The glass beads were added to a water filled unit so that they 
would not be packed. The water flow was then started up through the 
PAB unit. The bed visibly settled and compacted due to this upward flow 
through the media. The head loss was much higher for the spherical 
glass beads than for a comparable diameter sand. 
When the air flow was started into the unit, the media then 
compacted even more. The compaction was so severe that the unit 
plugged. The unit was backwashed with tap water. It took the full 
pressure of the tap water, in excess of 20 psi, to dislodge the 
material. After some very sporatic operation for a few days in 
which the unit had to be backwashed several times, this media was 
eliminated and the MSA-3A run was started in its place. (To the 
writer, this experience with excessive compaction of the glass beads 
casts a certain degree of doubt on the use of glass beads to simulate 
rapid sand filter operation.) 
As Figure 17 shows, the operation of the MSA-4 unit using 
1.30 mm anthracite coal terminated before the other units. The air inlet 
connection and diffuser were accidently broken and the entire media bed 
lost. This terminated the operation of this unit. 
The last part of the data of the MSA-series was obtained from an 
operational run using the final effluent from the City of Ames Water 
Pollution Control Plant. A sufficient volume of this final effluent was 
brought into the laboratory to allow operating four of the units for 
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9 hours with the final effluent as the substrate feed. The results of 
this special operation run are shown in Table 13. 
Table 13. MSA-series operation using final effluent 
Unit 
Influent TOC 
mg/1 
Effluent TOC 
mg/1 
Percent 
removal 
MSA-1 
0.72 mm 
sand 
10.5 7.4 29.5 
MSA-2 
1/4 inch 
saddles 
10.5 7.4 29.5 
MSA-3A 
0.68 mm 
coal 
10.5 8.0 23,8 
MSA-5 
0.36 mm 
sand 
10.5 7.4 29,5 
When the operation of the units was stopped, the media from each 
unit was oven dried for 24 hours at 105°C. Some media samples from the 
MSA-1 unit and the MSA-5 unit, the 0.72 mm sand and the 0.36 mm sand 
respectively were fired in a muffle furnace at 600°C for 20 minutes and 
the loss in weight determined. The loss in weight was considered to be 
the volatile solids adhering to the media in the units. This volatile 
solids concentration was thus an estimate of the organic cell material 
in the sand units due to the biological growths present. The coal media 
could not be similarly analyzed as coal would have burned at that 
temperature. The results of the analysis on the sand media are shown 
in Table 14. The volatile solids concentration was surprisingly high. 
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Table 14. Volatile solids in media from MSA-series 
Volatile solids 
Unit mg/gm media 
MSA-1 
0.72 mm 
sand 
3.83 15,400 
MSA-5 
0.36 mm 
sand 
3.96 13,800 
a. 
Based on void ratio of 0.435 
Based on the calculated value of the void volume in the media, the 
concentration of volatile solids was several times greater than might 
be contained in the mixed liquor of an activated sludge aeration tank. 
The porosity or void volume of the media beds was calculated using 
the known total volume of the bed minus the volume occupied by the 
coiled wire, the weight of the media in the bed, and the shape factor, 
diameter and density of the particle. 
In view of the operating problems that were encountered during 
this initial MSA-series, it was felt that an additional media evalua­
tion series was needed before the third and final laboratory series made 
with a single media was initiated. 
MSB-series 
The media studied in this series of runs were sand, anthracite coal 
and activated carbon. Even though the results of the E-series indicated 
that activated carbon broke up excessively, it was felt that the air flow 
rate to the media bed may have been excessive and caused the media 
disintegration. Consequently, a unit of activated carbon was included 
in this MSB-series for réévaluation of its potential as an adsorptive 
media. 
The nominal depth of media used in this series was 36 inches. The 
inlet for the synthetic waste water was modified to fit with the 
air diffuser, which was a 2-inch diameter porous carborundum plate in 
the bottom of the acrylic plastic tubes used for the PAB units. Thus, 
the equipment was slightly different from that used during the previous 
MSA-series runs. The modifications reflect the operating problems dis­
covered during the previous experimental work. 
The average results for the MSB-series are summarized in Table 15. 
The data in Appendix A show that the influent TOC concentration during 
the MSB-series was slightly lower than it was during the other runs and 
still rather variable. This variation in the influent TOC concentration 
was probably the major cause of the apparent lack of trend in the data. 
In an effort to review the data on a common basis, the results were 
adjusted to the removal which would have occurred if a TOC influent con­
centration of 18.0 mg/1 had been maintained. The adjustment of the 
data was made by fitting a least squares line to the data if there were 
at least four data points to consider. Otherwise, the data was not ad­
justed. The regression lines were based on the mg/1 TOC removed (Y, 
in mg/1) versus the TOC influent concentration (X, in mg/1). The type 
of plots used for the regression analysis are shown for the data of the 
MSB-4 unit in Figure 27, 
The average removal of TOC for this portion of the MSB-4 unit 
operation was 6.94 mg/1 TOC at an average influent concentration of 
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Table 15. Summary of results of the MSB-series runs 
Unit 
Flow rates 
Waste water 
gpm/sq ft c 
Air 
fm/sq ft TOC 
Percent 
SSOC 
removal 
SOC* TOC^  
MSB-1 2.0 0,91 61.6 58.2 
0,92 mm 2,0 2.18 48.4 23.6 73.7 50.1 
sand 2.0 2.72 60.6 — — 69.7 
MSB-2 2,0 0.91 50.7 — — — 
0,46 mm 2,0 1.18 49,5 — — — 
sand 2.0 2,18 41,6 23.9 61.8 — 
2,0 2,63 45,5 — — — 
MSB-3 2.0 0.91 45,7 — — 42.1 
0,92 mm 2,0 1.00 43,4 32.2 57.8 36.8 
coal 
MSB-4 2,0 0.91 44,5 — — 47.1 
0,46 mm 2,0 1.36 44,5 31.7 55.5 — 
coal 
MSB-5 2,0 1.34 55,9 — — 56.1 
0,92 mm 2,0 1.49 50,6 — — 55.7 
activated 
carbon 2,0 1.64 54.8 28.6 75.9 52.9 
L^imited number of samples. 
A^djusted to removal at influent TOC of 18,0 mg/1. 
15,55 mg/1 TOC, which is the 44,5 percent TOC removal shown in Table 15 
for this unit. According to the regression line as plotted in Figure 27, 
the TOC removal would be 8,46 mg/1 at an influent TOC concentration of 
18,0 mg/1. The percent removal at an influent TOC concentration of 
18.0 mg/1 was thus estimated to be 47,1 percent (8,46 x 100/18,0) 
which is the adjusted value shown in Table 15, 
There x:as not a drastic difference in the nercAntaee of TOC 
removal between the various media types and media sizes used in this 
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Figure 27. Correlation of absolute TOC removal with Influent TOG con­
centration for MSB-4 unit 
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series of runs. The amount of data on the SOC removal was rather 
limited for the MSB-series and no conclusions can be drawn from them. 
Since the difference between the various media in percentage of 
TOC removal was small, it seemed proper to select sand, the least 
expensive media, for further studies. The indication that the majority 
of the TOC removal was occurring in the soluble fraction of the waste 
water led to a change in analytical procedures so that the SOC was 
measured in future runs as well as the TOC, 
At the time these results were obtained and first reviewed, it 
seemed unusual that there would be so little difference between the 
various types of media in percent TOC removal. The observation that 
there did not seem to be any beneficial effect from the increased surface 
area of the smaller media also seemed unusual. In retrospect, this is 
not so surprising in view of the almost constant value of the surface 
excess which was obtained from the startup adsorption studies shown in 
Table 11, The effective concentration in the micro-environment was 
almost the same for all of the media studied, and the TOC removal per­
formance by the different types and sizes of media in general reflects 
this situation. The removal of organic material by the activated carbon 
unit was slightly higher than for the other media, reflecting the higher 
adsorption capacity for this media as indicated in Table 11. 
The relatively large influence of the agitation by the air flow was 
recognized at this point in the developmental work. The air rates used 
provided more agitation than was needed to prevent clogging of the 
media in most cases. The excess agitation probably kept the mass of 
organisms in the media bed smaller than should have been possible. The 
103 
smaller mass of organisms would cause the removal of organic material 
from the substrate to be lower. The effect would be particularly 
noticeable for the soluble portion of the waste water since the organic 
material must be in a soluble state or reduced to a soluble state for 
utilization by bacteria, the predominant microorganism present. 
At the termination of the MSB-series runs, the volatile solids 
content of the sand media was determined in a manner similar to that 
used at the end of the MSA-series. The results of these analyses are 
shown in Table 16, The volatile solids levels measured were comparable 
to the levels obtained from the MSA-series analyses. 
Table 16, Volatile solids in media from MSB-series 
Unit 
Depth 
inches mg/ gm media 
Volatile solids 
MSB-1 
0.92 mm 
sand 
Average 
3 
9 
15 
21 
27 
33 
4.55 
3.30 
3.54 
3.45 
2.39 
4.71 
3.66 12,800 
MSB-2 
0.46 mm 
sand 
Average 
3 
9 
15 
21 
27 
33 
6.11 
4.55 
8.30 
5.57 
4.37 
3.37 
5.51 19,300 
B^ased on a porosity of 0.435. 
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S-Series Runs 
Most of the data for the evaluation of the PAB process was collected 
during the S-series runs. All units had a nominal media depth of 
36 inches. Since the MSA-series and the MSB-series results were rather 
inconclusive about the effect of the size of the media, it was decided 
to study a wider range of media sizes. The media sizes selected were 
based on sizes of U.S. Standard sieves which were used to separate the 
sand into the various size fractions. 
Since the air flow rate seemed to influence the results of the 
MSB-series appreciably, the air flow rate was varied more in the 
S-series. There were two operational periods with the same air flow 
rates used for all units, followed by a period of operating at air flow 
rates which were approximately proportional to the media diameter. The 
last two periods of operation during the S-series used air flow rates 
proportional to the square of the media diameter. The last period of 
operation was made using a waste water flow rate of 3.4 gpm/sq ft. 
The organic carbon removal (TOC, SOC, and SSOC) in this series of 
runs are summarized in Table 17. Because of variations in the influent 
TOC concentration, the percentage removals of TOC and SOC were adjusted 
to the removal which would have been obtained at an influent TOC 
concentration of 18.0 mg/1 and an influent SOC concentration of 9.5 mg/1. 
This adjustment of the data to a common basis was made by fitting a least 
squares line to the TOC or the SOC data in the same manner used to adjust 
the MSB-series TOC data as discussed on page 99, 
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Table 17. Summary of results of the S-series runs 
Unit 
Flow rates 
Waste water Air 
gpm/sq ft cfm/sq ft TOC 
Percent removal 
SSOC SOC TOC^  SOC^  
2.0 0.23 57.2 31.2 81.1 55.3 81.0 
S-1 2.0 0.46 54.5 29.6 83.7 50.5 83.8 
0.92 mm 2.0 0.65 43.3 -10.0 85.1 41.5 84.3 
sand 2.0 0.91 42.5 - 6.1 77.4 43.6 77.0 
3.4 0.65 38.4 32.3 45.0 33.8 44.6 
2.0 0.08 46.3 5.9 83.5 46.3 83.4 
S-2 2.0 0.16 51.1 6.8 85.9 49.4 85.8 
0.46 mm 2.0 0.46 43.3 15.8 75.6 41.4 75.7 
sand 2.0 0.91 43.0 9.3 71.2 42.5 67.2 
3.4 0.16 53.5 30.4 78.9 48.8 79.0 
2.0 0.46 60.5 47.3 74.5 60.4 74.7 
S-3 2.0 0.52 49.3 16.0 84.1 49.9 84.3 
1,44 mm 2.0 0.91 54.3 20.5 82.4 54.5 83.0 
sand 2.0 1.52 37.7 -21.0 83.8 35.7 83.5 
3.4 1.52 29.3 14.8 45.2 24.3 44.6 
2.0 0.12 47.4 9.1 82.6 46.4 88.5 
S-4 2.0 0.32 45.0 -12.4 88.4 43.6 88.7 
0.65 mm 2.0 0.46 45.9 18.1 78.7 43.3 79.0 
sand 2.0 0.91 45.3 11.9 72.5 45.0 72.5 
3.4 0.32 36.1 8.5 66.3 28.5 66.4 
2.0 0.12 47.2 5.1 86.0 46.0 85.6 
S—5 2.0 0.32 43.6 -12.7 87.8 42.3 87.1 
0.65 mm 2.0 0.75 48.6 21.7 79.2 45.9 78.8 
sand 2.0 1.12 45.3 9.4 74.6 45.3 74.4 
3.4 0.32 36.1 5.8 69.3 28.1 68.9 
A^djusted to removal at 18.0 mg/1 influent TOC. 
A^djusted to removal at 9.5 mg/1 influent SOC. 
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The value of 9.5 mg/1 for the influent SOC concentration was 
selected as the basis for comparison after making a correlation of the 
influent SOC concentration versus the influent TOC concentration. The 
data for this correlation and the least squares regression line which 
was fitted to the data are plotted in Figure 28. The influent SOC of 
9,5 mg/1 corresponds to an influent TOC of 18.0 mg/1. The 18.0 mg/1 TOC 
is the equivalent of 50.0 mg/l COD according to the correlation shown 
in Figure 7. 
Since there were 50 plots and lines fitted for the regression 
analyses of the S-series TOC and SOC data, the results are summarized 
in Table 18 for the TOC data and in Table 19 for the SOC data. The 
results of the regression analyses do not show any readily apparent 
trend. However, the least square lines were valuable in adjusting the 
data to a common basis of comparison as tabulated in Table 17. The 
correlation coefficients indicate a general degree of precision and 
reliability for the data. Some portions of the data are not as 
precise as desired. In particular, the data for several operational 
periods of the S-3 unit (1,44 nm sand) has relatively poor correlation. 
For developmental purposes, the data appears to be sufficiently precise 
to permit establishing reasonable conclusions and guidelines for future 
work. 
BOD analyses 
In addition to the numerous organic carbon analyses which form the 
primary basis for evaluation of the PAB process, a number of BOD tests 
were made during the S-series. The BOD tests were made on samples taken 
TOC — SOC CORRELATION 
SYNTHETIC WASTE WATER 
CORRELATION 
COEFFICIENT r « 0.755 
12 -
TOC, mg/l 
ligure 28, TOC—SOC correlation of influent synthetic waste water 
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Table 18. Regression analyses of TOC data for S-series runs 
TOC regression line 
Flow rates constants^  Correlation 
Waste water Air Y-axis intercept Slope coefficient 
Unit gpm/sq ft cfm/sq ft A B r 
2,0 0.23 - 6.36 0,91 0.952 
S-1 2,0 0,46 - 8.38 0.97 0.979 
0,92 mm 2,0 0.65 - 4.90 0.69 0.819 
sand 2,0 0.91 - 3.23 0.62 0.867 
3,4 0.65 - 7.44 0.75 0.915 
2,0 0.08 - 0.20 0.47 0.985 
S-2 2,0 0.16 - 4.63 0.75 0.919 
0,46 mm 2,0 0.46 - 4.03 0.64 0.887 
sand 2,0 0.91 - 2.40 0.56 0.926 
3.4 0,16 - 7.58 0.91 0.911 
O C 2,0 0.46 - 0.97 0.66 0.757 S-J 
2,0 0.52 1.14 0.44 0.692 
1,44 mm 
2.0 0.91 - 1,41 0.62 0.881 
sand 
2,0 1.52 - 5,57 0.67 0.826 
3,4 1.52 - 8.16 0.70 0.845 
2,0 0.12 - 3.43 0.65 0.977 
S-4 2,0 0.32 - 4.41 0.68 0.870 
0,65 mm 2,0 0.46 - 5.84 0.76 0.982 
sand 2,0 0.91 - 3.60 0.65 0.888 
3,4 0.32 - 12,56 0.98 0.939 
2,0 0.12 - 1.82 . 0.57 0.966 
S-5 2,0 0.32 - 3.54 0.62 0.840 
0,65 mm 2,0 0.75 - 6.33 0.81 0.959 
sand 2,0 1.12 - 1.24 0.52 0.928 
3,4 0.32 - 11.36 0.92 0.961 
T^o fit model Y = A + BX, where X = influent TOC in mg/1 and Y = 
TOC removal in mg/1. 
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Table 19. Regression analyses of SOC data for S-series runs 
SOC regression line 
Flow rates constants^  Correlation 
Waste water Air Y-axis intercept Slope coefficient 
Unit gpm/sq ft cfm/sq ft A B r 
2.0 0.23 - 0.05 0.82 0.972 
S-1 2.0 0.46 - 0.13 0.85 0.892 
0.92 mm 2.0 0.65 - 0.61 0.91 0.974 
sand 2.0 0.91 - 0.66 0.84 0.840 
3.4 0.65 - 2.41 0.70 0.696 
2.0 0.08 - 0.17 0.85 0.997 
S-2 2.0 0.16 - 0.06 0.86 0.952 
0.46 mm 2.0 0.46 - 0.21 0.78 0.924 
sand 2.0 0.91 - 4.10 1.10 0.954 
3.4 0.16 0.81 0.70 0.648 
2.0 0.46 - 0.24 0.77 0.589 
S-3 2.0 0.52 0.61 0.78 0.964 
1.44 mm 2.0 0.91 0.94 0.73 0.923 
sand 2.0 1.52 0.01 0.84 0.944 
3.4 1.52 - 3.16 0,78 0.681 
2.0 0.12 - 1.31 0.96 0.981 
S-4 2.0 0.32 0.26 0.86 0.958 
0.65 mm 2.0 0.46 - 0.55 0.85 0.921 
sand • 2.0 0.91 0.11 0.71 0.765 
3.4 0.32 0.15 0.65 0.790 
2.0 0.12 - 0.34 0.89 0.994 
S-5 2.0 0.32 - 0.60 0.93 0.968 
0.65 mm 2.0 0.75 0.86 0.70 0.819 
sand 2.0 1.12 - 0.41 0.79 0.804 
3.4 0.32 - 2.12 0.91 0.773 
T^o fit model Y = A + BX, where X = influent SOC in mg/1 and Y = 
SOC removal in mg/1. 
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at the same time as those for the TOC and SOC analyses. The results of 
the BOD analyses are listed in Table 20. The average percent removal 
of BOD is shown in Table 21 along with the percent TOC removal for 
comparable days of operation. 
Table 20. BOD results for S-series runs 
Day 
BOD 
mg/1 
Influent S-1 S-2 
BOD mg/l 
effluents 
S-3 S-4 S-5 
79 15.9 3.4 2.8 10.2 4.2 7.4 
82 36.4 — — — 15.0 — 
115 21.8 6.4 7.9 12.4 9.6 2.8 
116 21.7 0.0* 3.5 7.7 7.9 9.1 
117 20.5 7.2 15.8 14.3 18.2 14.7 
123 15.7 8.8 11.7 15.4 12.1 9.0 
124 11.9 10.4 17.5* 12.1* 14.4* 15.0* 
^Doubtful accuracy and excluded from averages. 
Table 21. Summary of S-series BOD removal results 
Flow rates Ratio 
Waste water Air Percent removal BOD/TOC 
Unit gpm/sq ft cfm/sq ft BOD TOC removal 
S-1 2.0 0.65 70.9 41.9 1+68 
S-2 2.0 0.16 62.5 39.5 1.58 
S-3 2.0 1.52 44.2 33.2 1.33 
S-4 2.0 0.32 52.7 37.7 1.40 
S-i 2.0 Û.32 57.5 38.6 1.49 
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The ratio of the percent BOD removal to the percent TOC removal 
is also included in Table 21. The ratio varies from 1.33 to 1.68 with 
an average ratio of 1,50. This ratio of 1.50 corresponds well with the 
ratio of 1.59 as calculated on page 94, These results support the 
hypothesis that there was significantly more utilization of the 
substrate in the PAB units than was indicated by TOC removal alone. 
Head loss 
The physical variable observed periodically during the experimental 
work was the head loss across an operating PAB unit. If only one fluid, 
either air or water, were flowing through the sand beds, the head loss 
would vary linearly with flow rates in the range of flows used in this 
study. This linear relationship is representative of laminar flow, 
although a better term might be a disturbed laminar flow for flow 
through a porous bed. 
The use of either dimensional analysis, or some simplifying assump­
tions applied to the d'Arcy-Weisbach equation, will lead to the 
Kozeny equation (13, p. 27-15) for the head loss through clean sand 
beds. However, a PAB unit has both air and waste water flowing through 
the beds and the media particles are not clean in the sense of being 
uncoated. Consequently, it would be expected that the experimental data 
would not exactly fit the Kozeny relationship and would need to be 
studied from a somewhat different viewpoint. 
Since the air flow rate was varied over more of a range than the 
waste water flow, this aspect was studied first. The variation of head 
loss with air flow rates is shown in Figure 29. The decrease in head 
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re 29. Variation of head loss with air flow rate for S-series runs 
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loss with an increase in air flow rate is somewhat different than 
might be expected from normal hydraulic principles. The result is 
logical, however, in terms of the physical action of the bed. 
In essence, the waste water flows through the media pores 
exerting a viscous and pressure drag force on the particles, the ac­
cumulative effect of which is observed as the head loss through the 
bed. Any increase in porosity of the bed at the same waste water flow 
rate causes a decrease in the head loss since the equivalent diameter 
of the pores through the bed is increased. The air flow rate in the 
PAB units was such that the smaller air bubbles coalesced and pulsed 
up through the unit in a periodic manner. Thus, most of the air was not 
flowing through the pores of the bed, but rather the sand particles 
were alternatively lifted and then dropped through the larger air bubbles 
rising up the unit. The result was that an increase in air flow rates 
increased the number of larger air bubbles and thus increased the ef­
fective porosity of the bed. Then, the head loss due to the viscous and 
pressure drag by the waste water flow decreased since the equivalent 
"pipe diameter" was increased. 
The viscous drag or friction force is sometimes referred to as skin 
friction. The magnitude of Reynolds number reflects the relative contri­
bution of the viscous forces. Since both waste water and air were 
flowing up through the units, a modified Reynolds number was used. This 
modified term is the sum of the Reynolds number (tt^ and terms from 
the dimensional analysis) for each fluid flowing as follows: 
..J v^d 
R  = - ^ + —  ( 1 3 )  
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The other component of the head loss is the form drag or pressure 
drag contribution. The criterion for evaluating the form drag contri­
bution is normally the Froude number. The interrelationship of the 
Froude number with the Reynolds number can best be viewed by con­
sidering the d'Arcy-Weisbach equation as normally written for pipe 
flow: 
(14) 
The head loss, (h), is the dependent variable, (L) and (D) are 
the pipe length and diameter respectively, (v) is the fluid velocity 
and (g) is the acceleration of gravity. The friction factor (f) 
relates the head loss to the geometric factors (L) and (D) and to the 
velocity head (v /2g) through an experimentally determined function of 
the pipe roughness and the Reynolds number. The equation can be re­
arranged slightly as follows: 
Equation (15) shows that the hydraulic gradient (s) is equal to the 
product of the friction factor and the Froude number using the pipe 
diameter as the characteristic length. The friction factor (f) is a 
function of the Reynolds number and the pipe roughness. 
For flow through the PAB units, the characteristic lengths describing 
the geometry of the system are the depth of the media (H) and the 
diameter of the media (d). These factors can be incorporated into a 
modified type of d'Arcy-WeiRhanh Annption using (v) as the flow rate oer 
unit area or approach velocity as follows: 
U.S 
h = if|î (16) 
Rearranging the terms of this equation will yield 
— = — ~ (17) 
H 2 d gH 
Equation (17) can be further evaluated in the following manner. 
The hydraulic gradient is a product of the friction term (f), the 
2 
Froude number (v /gH) and the geometry term (H/d), 
The friction term (f) of Equation (17) was calculated from the 
observed head loss data and plotted in Figure 30 versus the modified 
Reynolds number given by Equation (13). The relationship of the 
friction term to the modified Reynolds number is linear throughout 
all of the range studied for the smallest media, the 0.46 mm sand. 
However, there is some departure from the linear relationship as the 
diameter of media increases. There is too little data to determine 
if there was a change from the linear or laminar flow regime into a 
transitional range for the media larger than the 0.46 sand used in the 
S-2 unit. 
The curves drawn through the data points in Figure 30 allow an 
estimate to be made for the friction term and thus for the head loss 
through a PAB unit if the media used is the same diameter as that used 
in one of the laboratory units. The friction term (f) for other media 
sizes could also be interpolated from the graph. The spacing of the 
curves in Figure 30 appeared to represent a family of relationships and 
a TTinro cronoT-al rol a AnoVcîn was HAsireH. 
116 
± I 1 
O 0.46 mm SAND 
+ 0.65 mm SAND 
• 0.92 mm SAND 
A 1.44 mm SAND 
_L 
0.3 0.4 0.6 0.8 1.0 2.0 3.0 4.0 6.0 8.0 10 
MODIFIED REYNOLDS NUMBER, R 
m 
Figure 30. Variation of friction term (f) with modified Reynolds number 
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At a given value of the modified Reynolds number, for example 1.0, 
the friction term (f) is 2.32, 5.42, and 11.0 (all x 10^) for the 0.46 mm, 
0,65 mm, and 0.92 mm sand respectively. The values of the friction 
terms vary by approximately a ratio of 2:1, Likewise, the media diameter 
squared (d^) varies by a 2:1 ratio for those three media. This indi­
cated that the data in Figure 30 could be generalized by combining 
the square of the media diameter into the relationship in some manner. 
It was found that a combination of the friction term (f) and the 
2 
dimensionless geometric term squared [(H/d) ], correlated quite well 
with the modified Reynolds number. The relationship is shown in 
Figure 31, This generalization of the data covers the entire range of 
operational data and provides part of the necessary information for 
prediction of future full-scale or pilot plant operations. 
Power dissipation 
Although the relationship of the head loss to the hydraulic variables 
is important for potential application of the PAB process, the more 
important relationship desired is the efficiency of the process in terms 
of the physical variables which can be controlled in design and in 
operation. The dimensional analysis indicated the general functional 
relationship restated below: 
T = a", S, e] (11) 
o 
As with the evaluation of the head loss as the dependent physical 
variable, the primary dimensionless terms to be considered with the 
efficiency term, which is the dependent dimensionless biological 
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term, would appear to be Reynolds number for each fluid and Froude 
number for the waste water. 
A number of combinations of these three dimensionless terms were 
compared with the efficiency of the PAB process units. Some of the 
comparisons showed a reasonably good fit of relationships for the 
s-series; but the relationships would then be shifted to a considerable 
degree using data from the MSA-series and the MSB-series, This may be 
due in part to the analytical and operational problems that were en­
countered during those two series, but further data evaluation and re­
lationships were attempted. As will be seen, these were fruitful at­
tempts. 
Fair et al. (13, p. 22-13) have advocated the use of a (Gt) term 
to describe various biological treatment processes such as the inter­
mittent sand filter, the trickling filter, and the activated sludge 
process. The (Gt) term is given by the following general equation: 
where (P) is the useful power input, (u) is the fluid viscosity, (V) 
is the volume of liquid in which the power is dissipated and (t) is the 
mean displacement time for the flow through the volume of liquid in which 
the power is dissipated. 
The following general power, continuity and geometric relationships 
can be written: 
(18) 
P = pghvA (19) 
(20) 
120 
V = AH (21) 
where (A) is an area and the other terms are as used in the previous 
section. Substituting these relationships into Equation (18) gives 
the following relationship for the (Gt) term: 
Gt = / (^) (% (22) 
V U V 
The relationship for the (Gt) term then becomes simply the 
square root of a Reynolds number divided by a Froude number. The head 
loss (h) and the depth (H), are the characteristic lengths used in the 
two discnsionless numbers. 
In a similar manner, a modified (Gt) term was used to describe 
the PAB process efficiency in terms of the physical variables. In this 
case, the total power used (?) was taken to be the sum of the power 
used to satisfy frictional head loss of the waste water plus the power 
used by the air assuming an isothermal expansion of the air when flowing 
up through the PAB units. 
The power dissipated through the PAB unit was then: 
p + pgh 
P = pghAv + p v^ A In ( ) (23) 
^ ^a 
and the mean residence time in the unit was: 
t = — (24) 
v 
The atmospheric pressure term (p^) can be equated to (pgH*) where (H*) 
is the atmospheric pressure in terms of a water column. The additional 
variable of the porosity (e) is IuLlOuuCcu to accGunt; fcr the void 
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space in the media beds. The volume of liquid in which the power (P) 
is dissipated can be expressed as: 
The magnitude of this power dissipation function correlates with 
the removal efficiency reasonably well. It is interesting that all of 
the dimensionless terms of Equation (11) except the hydraulic gradient 
(h/H) and the shape factor (S) are included in the relationship of 
Equation (26). The need for using absolute pressures with the com­
pressible air flow introduces the (H*) term which was not included in 
the dimensional analysis. If all of the pressure terms used in the 
dimensional analysis had been expressed in absolute units instead of the 
head in terms of the depth of the fluid flowing, this term would have 
been properly included, 
A similar type of functional relationship for power dissipation 
2 
can be derived where a term (X ) is defined as: 
where (SA) is the total surface area of the media in the bed. The term 
2 ~2 (X ) has the dimensions of (LT ) or an acceleration. This term could 
be viewed as a measure of the diffusional efficiency due to the flow 
pattern around the various media. 
V = AHe (25) 
Combining these relationships yields: 
(26) 
122 
Another dimensionless power dissipation term (XtZ/H) can be 
developed from the above relationships to yield: 
M - " 
The relationship now accounts for the media shape factor (S) as well as 
all of the terms included in the (Gt) term of Equation (26). The (Xt//3) 
dimensionless term correlates with the removal data slightly better than 
the (Gt) term alone. This is as expected since the (Xt//ïï) term brings 
into the relationship more of the variables which affect the PAB 
process. 
The efficiency of TOC and SOC removal as a function of the power 
dissipation term, (Xt//î), is shown in Figure 32 and Figure 33 
respectively. The data plotted in Figure 32 includes not only the 
S-series but also all of the MSA-series and MSB-series data. The (Gt) 
and the (Xt//3) power dissipation terms are tabulated in Table 22 for 
the three series of laboratory runs. 
As Figure 33 shows, there is a trend toward optimization of the 
percent SOC removal at a value for (Xt//ïï) of about 2.2 x 10^ whereas 
the TOC removal as shown in Figure 32 declined somewhat as the magnitude 
of (Xt//3) term increased. Further reduction in the value of the 
(Xt//ïï) term would be obtained by a reduction of air flow rate. There 
is in turn a lower constraint on the air flow rate and the (Xt//3) 
term due to the need for an adequate dissolved oxygen concentration in 
the system for proper biological activity. 
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Table 22. Power dissipation terms (Gt) and (.Xtf/d) for laboratory 
runs 
Power dissipation 
Flow rates terms Percent 
Waste water Air (Gt)* (Xt/yÏÏ)^ removal 
Unit gpm/sq ft cfm/sq ft X 104 X 104 T0C° socf 
2,0 0.23 5.96 2.07 55.3 81.0 
S-1 2.0 0.46 6.65 2.31 50.5 83.8 
0.92 mm 2.0 0.65 7.29 2.53 41.5 84.3 
sand 2.0 0.91 7.90 2.74 43.6 77,0 
3.4 0.65 6.34 2.20 33.8 44.6 
2.0 0.08 5.90 2.05 46.3 83.4 
S-2 2.0 0.16 6.25 2.17 49.4 85.8 
0.46 mm 2.0 0.46 7.69 2.67 41.4 75.7 
sand 2.0 0.91 9.01 3.13 42.5 67.2 
3.4 0.16 4.81 1.67 48.8 79.0 
2.0 0.46 6.85 2.38 60.4 74.7 
S-3 2.0 0.52 10.30 3.58 49.9 84.3 
1*44 mm 2.0 0.91 7.69 2.67 54.5 83.0 
sand 2.0 1.52 8.39 2.91 35.7 83.5 
3.4 1.52 6.95 2.41 24.3 44.6 
2.0 0.12 5.94 2.05 46.4 88.5 
S-4 2.0 0.32 6.97 2.42 43.6 88.7 
0.65 nm 2.0 0.46 7.64 2.65 43.3 79.0 
sand 2.0 0.91 8.81 3.05 45.0 72.5 
3.4 0.32 9.56 3.32 28.5 66.4 
2.0 0.12 5.94 2.06 46.0 85.6 
S-5 2.0 0.32 6.97 2.42 42.3 87.1 
0,65 mm 2.0 0.75 8.06 2.80 45.9 78.8 
sand 2.0 1.12 9.80 3.40 45.3 74.4 
3.4 0.32 9.40 3.26 28.1 68.9 
MSA-1 
0.72 mm 2.0 0.65 3.58 1.24 40.8 — 
sand 
^Based on porosity of 0.435 and shape factor of 6.4 unless other­
wise noted. 
^Adjusted to removal at 18.0 mg/1 influent TOC. 
^Adjusted to removal at 9.5 mg/1 influent SOC. 
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Table 22 (Continued) 
Unit 
Flow 
Waste water 
gpm/sq ft 
rates 
Air 
cfm/sq ft 
Power dissipation 
terms 
(Gt)* (xt/yïï)^ 
X 104 X 104 
Percent 
removal 
TOC^ SOCC 
MSA-2 
1/4 inch 
saddles 
2.0 0.50 5.01^ 1.74^ 66.1 — 
MSA-5 
0.36 mm 
sand 
2.0 0.40 3.17 1.10 48.7 
MSB-1 
0.92 mm 
sand 
2.0 
2.0 
0.91 
2.18 
8.47 
10.95 
2.94 
3.80 
58.2 
50.1 
MSB-2 
0.46 mm 
sand 
2.0 
2.0 
1.18 
2.18 
10.72 
8.65 
3.72 
3.00 
49.5 
41.6 — 
MSB-3 
0.92 mm 
coal 
2.0 1.00 6.96® 2.27® 36.8 
MSB-4 
0.46 mm 
coal 
2.0 0.91 5.99® 1.95® 47.1 
MSB-5 
0.92 mm 
activated 
2.0 1.49 7.21 2.50 55.7 
carbon 
Based on sphere of equivalent surface area and porosity of 0.435. 
^Based on porosity of 0,45 and shape factor of 7.7. 
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The magnitude of the (Gt) and (Xt/Tïï) terms are comparable to the 
values given by Fair et al. (13, p. 34-19) for (Gt) values of trickling 
filter and activated sludge processes. 
Oxygen transfer 
One of the basic premises made in studying the PAB process was that 
the dissolved oxygen level would be kept above 1.0 mg/1. Samples were 
taken and analyzed for dissolved oxygen to check this constraint. As 
can be seen from the data in Appendix C, the dissolved oxygen was above 
1.0 mg/l in all cases except for the period of operation (day 118 to end 
of test) at the 3.4 gpm/sq ft hydraulic loading rate. 
Assuming a steady-state operational condition, an oxygen transfer 
coefficient, K^, can be calculated from the air flow rate, the dissolved 
oxygen level in the influent and the effluent, and the rate of biological 
uptake of oxygen as measured by the IOC removal. This can be expressed 
as ; 
where (KB) is the biological oxygen uptake rate in mg/l/hour, (K^) is the 
oxygen transfer coefficient and (D) is the dissolved oxygen deficit 
below the saturation value expressed in mg/l. At steady-state operation, 
the rate of change of the dissolved oxygen deficit is zero and thus : 
This overall oxygen transfer coefficient (K^) has the units of reciprocal 
time. This coefficient is characteristic of the diffuser and is influenced 
f = - K^D + KB (29) 
(30) 
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by the air flow rate, the geometry of the installation, and the chemical 
characteristics of the waste water. 
The calculated (K^) values are shown in Table 23. The variation 
of the PAB unit geometry is best described by the diameter of the sand 
media since all units of the S-series had the same media depth of 
36 inches. Figure 34 shows that there is a relationship between the (K^) 
coefficient, the diameter (d) of the media, and the air flow rate. 
The increase in the magnitude of the oxygen transfer coefficient 
(K^) with increasing sand diameter can be explained by the observed be­
havior of the PAB units. The amount of coalescence of the rising air 
bubbles was greater with the smaller media. The larger coalesced air 
bubbles have less surface area for oxygen transfer. Thus, the smaller 
media would show a lower (K^) value at the same air flow rate, as shown 
in Figure 34. 
The values of the (K^) coefficient vary considerably, probably due 
to the random sampling and due to the fact that the relatively few 
samples which were taken were intended to insure that the condition of 
the 1.0 mg/1 of dissolved oxygen was present and not to calculate (K^) 
values. The magnitude of the transfer coefficients indicates that the PAB 
units should be able to obtain realistic oxygen transfer efficiency and 
economy in larger-scale operation. 
Effect of media depth 
Rather than extend the experimental work on a laboratory scale to 
cover operation of PAB units with different media depths, samples were 
taken at 6-, 18- and 30-inch depths in the beds in addition to the 
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Table 23. Oxygen transfer coefficients for S-series runs 
Unit 
Flow rates 
Waste water 
gpm/sq ft 
Air 
cfm/sq ft 
Kd . 
hour"! 
2.0 0.23 40.9 
S-1 2.0 0.46 32.2 
0.92 mm 2.0 0.65 29.0 
sand 2.0 0.91 35.8 
3.4 0.65 10.1 
2.0 0.08 28.2 
S-2 2.0 0.16 25.9 
0.46 mm 2.0 0.46 21.7 
sand 2.0 0.91 29.8 
3.4 0.16 17.3 
2.0 0.46 33.7 
S-3 2.0 0.52 37.6 
1.44 mm 2.0 0.91 40.6 
sand 2.0 1.52 33.0 
3.4 1.52 10.1 
2.0 0.12 29.4 
S-4 2.0 0.32 31.8 
0.65 mm 2.0 0.46 29.7 
sand 2.0 0.91 37.1 
3.4 0.32 10.6 
2.0 0.12 31.2 
S-5 2.0 0.32 28.9 
0.65 mm 2.0 0.75 27.7 
sand 2.0 1.12 38.8 
3.4 0.32 9.8 
normal influent and effluent samples. Using the previously determined 
media porosity of 0.435, media depths of 6, 18 and 30 inches correspond 
to theoretical detention times of 0.8, 2.4 and 4.1 minutes at the 
respective depths with a waste water flow rate of 2.0 gpm/sq ft. Taking 
into account both the 36-inch media depth and the freeboard above the 
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sand, the total theoretical residence time in the PAB units was only 
10.5 minutes at that waste water flow rate. 
The first samples taken at different media depths were analyzed 
for TOC. These results were rather erratic, and it was decided to 
analyze instead for the SOC in the samples. The SOC analyses gave more 
consistent results than did the TOC analyses, since some suspended 
solids could have been dislodged from the media in sampling. 
For the purpose of studying the influence of media depth, it was 
assumed that the rate of SOC removal with depth would approximate a 
first-order reaction of the type; 
= - k (SOC) (31) 
Accordingly, a plot of the log of the SOC remaining versus the 
depth should plot as a straight line, the slope of which is the SOC 
removal rate constant (k). Figures 35 through 38 show these relations 
as they existed during the operation of the 5 PAB units. The SOC 
removal rate constant (k) is given in Table 24 for each unit. 
Considering only the samples taken at the 6-, 18- and 30-inch 
depths, the rate of SOC removal does appear to be first order, partic­
ularly at the higher hydraulic loading rate of 3.4 gpm/sq ft. The 
lines in Figures 35 through 38 were fitted to only the 6-, 18- and 30-inch 
depth sample results. The SOC removal rate coefficient is essentially 
proportional to the size of the media and, thus, to the surface area of 
the media. 
Treating the effluent sample as collected as if it were the same as 
a sample taken just above the 36-inch media bed, a rather drastic increase 
132 
100 
80 
60 
§ 40 
8. 
O 
z 30 
Z 
g 
U 20 
iA 
10 
• 
_L 0 10 20 30 40 
DEPTH, inches 
Figure 35. Variation of SOC removal with depth for S-l unit 
133 
» 40 
S. 
10 20 30 
DEPTH, Inches 
Figure 36, Variation of SOC removal with depth for S-2 unit 
134 
100 
% 
i 
K 
O 
z 
z 
% 
u 
o 
«/» 
DEPTH, inches 
Figure 37. Variation of SOC removal with depth for S-3 unit 
135 
10 20 30 40 
DEPTH, inches 
Figure 38. Variation of SOC removal with depth for S-4 and S-5 units 
136 
Table 24. SOC removal rate constants for the S-series results 
Flow rates SOC removal rate 
Waste water Air cons tant 
Unit gpm/sq ft cfm/sq ft mg/l/min^ 
S-1 2.0 0.65 1.91 
3.4 0.65 1.20 
S-2 2.0 0.16 2.00 
3.4 0.16 2.79 
S-3 2.0 1.52 1.44 
3.4 1.52 0.67 
S-4 and 2.0 0.32 2.05 
S-5 2.4 0.32 2.35 
^Based on porosity of 0.435. 
in the rate of SOC removal during flow through the last 6 inches of 
media is indicated. This does not seem probable, particularly in view 
of the almost constant concentration of biological solids at the 
various depths in the media. The apparent extra organic material 
utilization in the freeboard volume above the media bed places the 
results of all units at essentially the same percent removal as shown 
in Tables 12, 15 and 17. 
A possible explanation for this result is that the organisms 
which are dislodged and flushed out of the media bed itself are not 
completely washed out of the freeboard space above the media. This 
appears logical since the velocity of flow in the freeboard region is 
about 40 percent of the average velocity in the pores of the bed. Thus, 
the freeboard volume could be considered to function in two ways. 
First, the volume could be performing as a quasi-activated sludge 
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aeration unit to effect further SOC removal by biological metabolism. 
The concentration of organisms in the freeboard volume would depend on 
the settleability of the organisms which are flushed out of the media 
bed. Second, the freeboard region could act as a settling tank in 
which the variable settling of the microorganisms and biological 
cellular material dislodged from the media bed could account for much of 
the variable removal of the TOC. In terms of future pilot plant or 
full-scale operation, the volume of freeboard may be an important 
factor. This aspect of the PAB process must be studied further. 
This phenomena of additional removal in the freeboard region 
occurs with all of the PAB units, but it is most apparent and important 
with the larger media sizes. If the effect of the freeboard volume is 
omitted and the percent SOC removal at the 30-inch depth is compared 
for the various sizes of media, the influence of the media size is more 
apparent. The organic carbon removal that occurred in the freeboard 
space compensated for the less efficient larger media sizes such that 
there appeared to be a lesser effect of media size. 
Table 25 shows the removal efficiencies at the 30-inch depth for 
the various media sizes used. The smaller media show considerably 
better percentage SOC removal, particularly when the flow rate is 
increased. 
The rate of SOC removal appears to be a first-order relationship 
with depth. Thus, it is possible to estimate the removal that would 
be obtained with a greater depth of media. Likewise, it is possible 
to estimate the effect of reduced waste water flow rates since the 
first-order reaction indicates that a doubling of media depth is in 
138 
Table 25, SOC removal as a function of sand size and flow rate at a 
media depth of 30 inches 
Sand Percent SOC removal^ 
size Flow rates 
mm 2,0 gpm/sq ft 3.4 gpm/sq ft 
0,46 76,0 68,5 
0,65 80,5 58,0 
0,92 73,0 30,0 
1,44 56,0 20,0 
^From Figures 35 through 38, 
essence a two-fold increase of detention time, A two-fold increase in 
the detention time could also be obtained by reducing the waste water 
flow rate by one-half. As long as the reaction is first order, the 
effect of bed depth and flow rate through the bed are interchangeable. 
To provide another comparison of the effect of media sizes, Table 26 
was prepared to show the depth of media that would be required to obtain 
90 percent SOC removal assuming a continuous first-order reaction 
through the media bed. Table 26 also shows the projected removal that 
would be obtained with a 60-inch media bed and a waste water flow rate 
of 2,0 gpm/sq ft. This is the same removal that would be expected from 
a media bed of 30 inches depth when the waste water flow rate is 
1,0 gpm/sq ft. 
Temperature 
Biological activity is highly dependent upon the temperature of the 
waste water. In the experimental arrangement, the use of University tap 
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Table 26. Sand depth required for 90 percent SOC removal and percent SOC 
removal at 60 inch media depth 
Sand 
size 
mm 
Waste water flow rate 
gpm/sq ft 
Depth required^ 
to obtain 90 
percent SOC 
removal 
inches 
Projected SOC 
removal with 
60 inches media^ 
percent 
0.46 2.0 48 94 
0.65 2.0 42 96 
0.92 2.0 53 92 
1.44 2.0 84 80 
^Obtained by extrapolation of data in Figures 35 through 38. 
Equivalent to 30 inches media and a waste water flow rate of 
1.0 gpm/sq ft. 
water as the basic water source eliminated much of the possible tempera­
ture variation that could occur using actual sewage. Since the Iowa 
State University water is taken from wells, the water temperature is 
essentially constant during the year and only a small variation in 
temperature would be expected. 
Waste water temperatures were observed at random times during the 
experimental period and the range observed was small. The average 
temperatures encountered during the experimental work are shown in 
Table 27. The temperature of 18^0 was used for calculating the viscosity 
and density values of the waste water. 
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Table 27. Temperature of waste water 
Average temperature Observed range 
Sample °C °C 
Tap water 15.0 14.8 - 15.5 
Influent waste water 18.0 17.8-18.5 
Effluent waste water 18.4 18.2 - 19.0 
Volatile solids in media 
At the termination of the S-series runs, the media was removed from 
each PAB unit and samples of the sand at various depths were analyzed 
for the volatile solids concentration. The results of these analyses 
are shown in Table 28. 
Phosphate and nitrogen analyses 
Throughout the experimental period, occasional samples were 
analyzed for phosphate and the various forms of nitrogen. The results 
of these analyses are shown in Appendix C. Little phosphate removal was 
observed and the change in the forms of the nitrogen compounds present 
was also quite limited. There appeared to be a small amount of ammonia 
oxidation to the nitrate form. The PAB process does not appear to be 
effective in phosphate removal or in satisfying the nitrification oxygen 
demand. 
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Table 28, Volatile solids in media at the termination of the S-series 
runs 
Depth in media 
from bottom 
inches S-1 S-2 
Volatile solids 
mg/gm media 
S-3 S-4 S-5 
3 5,64 4.79 5.68 6.38 5.65 
9 6.81 3,36 3.97 4.16 4,54 
15 5.96 2,96 4.36 3.93 4.21 
21 6.20 2.83 4.56 6.95 4.50 
27 6.50 2.86 4.12 3.84 3.77 
33 6.24 2,79 3.95 2.89 3.39 
Average 6.23 3,29 4.48 4.72 4.38 
Average^ 21,800 11,500 15,600 16,500 15,300 
^mg/1 based on a porosity of 0.435. 
Pilot Plant Operation 
P-1 unit 
The operational results of the MSA-, the MSB-, and the early portion 
of the S-series runs were sufficiently encouraging to lead other in­
vestigators (31) into making some preliminary pilot plant studies of 
the FAB process. The pilot plant used in that study was a 2 ft by 
2.5 ft unit originally designed for use as an experimental pilot-scale, 
rapid sand filter. The experimental unit was provided with slotted, media 
retention type diffusers for combined air and water backwash when used 
as a rapxQ b<inu XXXLCL. ILIC pnysxCâi. of the pilot plânt wûs 
142 
satisfactory with no apparent plugging or clogging problems even 
though the experimental unit used was not specifically designed for the 
PAB process application. 
The experimental unit, P-1, was operated for 81 days in a study 
without any modification to the equipment. Final effluent from the 
City of Ames Water Pollution Control Plant was used as the influent 
to the pilot plant unit. The media was a graded sand of a type used 
for rapid sand filters. The media had an effective size of 1.13 mm 
and a uniformity coefficient of 1,36 (31, p. 16). The 3-ft bed of 
graded sand had a calculated surface area which was equal to that which 
would be provided by a 3-ft deep bed of a uniform-sized 1.44 mm 
diameter sand. Consequently, the P-1 unit physical characteristics 
were approximately comparable to the S-3 unit used in the laboratory 
study. 
A summary of the organic carbon removal during the P-1 unit opera­
tion is shown in Table 29. The data collected in the pilot plant study 
were subjected to the same type of regression analysis used in the 
laboratory investigation. The data in Table 29 have been adjusted to 
the same influent TOC and SOC concentration (18.0 mg/1 and 9.5 mg/1), 
respectively, used in evaluating the laboratory data. 
The efficiency of organic carbon removal from the final effluent 
in the pilot plant unit was somewhat lower than the removal efficiencies 
obtained in the laboratory investigation using the synthetic waste 
water. This was not unexpected since the first portion of the laboratory 
study using final effluent (Table 13) showed that the removal of 
organic material was somewhat less than what was being obtained with 
143 
Table 29. Summary of P-1 unit operation (31) 
Flow rates 
Waste water Air Percent removal 
gpm/sq ft cfm/sq ft TOC SOC TOC^ SOC^ 
0.70 2.00 45.0 27.4 49.4 31.3 
1.15 1.20 38.7 24.0 40.7 24.9 
1.60 0.80 25.0 18.7 17.6 12.0 
^Adjusted to 18,0 mg/l influent TOC. 
^Adjusted to 9,5 mg/l influent SOC. 
the synthetic waste water which is easier to biodegrade than actual final 
effluents. 
As previously stated, the TOG removal is an incomplete indicator 
of total substrate utilization by the microorganisms. The removal of 
COD and BOD during the P-1 unit operation is shown in Table 30. It is 
interesting to note that the ratio of the BOD removal to the TOC removal 
is 1.62 and 1.63 respectively for the 1.15 gpm/sq ft and 1.60 gpm/sq ft 
waste water flow rates. This is quite close to the ratio of 1.59 pre­
viously postulated between the total substrate utilization and the 
oxidation portion of substrate used. This would indicate that appreciable 
portions of the final effluent organic constituents from conventional 
secondary treatment processes are still capable of being biologically 
utilized. 
The air flow rates used in the pilot plant study of Sedgwick (31) 
were higher than most of the air flow rates used in the laboratory 
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Table 30. Comparison of TOC, COD and BOD removal for P-1 unit opera­
tion (31) 
Flow rates ^ 
Waste water Air Percent removal Ratio 
gpm/sq ft cfm/sq ft TOC COD BOD BOD/TOC 
0.70 2.00 55.2^ 39.0^ 
1.15 1.20 35.8 35.6 58.0 1.62 
1.60 0.80 23.6 21.3^ 36.9 1.63 
^Four-hour daytime composite samples for comparable days. 
^Two samples. 
^One sample. 
investigations. The air flow rates in the P-1 unit pilot plant operation 
were probably too high for the best results to have been achieved. 
P-2 unit 
Treatment accomplished in the freeboard space above the media bed 
was a very important part of the total organic material removal in the 
laboratory units. This was particularly true for the S-3 unit which 
was the laboratory unit comparable to the P-1 unit. It seemed reasonable 
that a pilot scale unit with smaller sized media, which would have better 
removal within the media bed itself, would provide greater organic re­
moval from final effluent than the P-1 unit with the larger sand. 
To confirm this hypothesis, a redesigned pilot plant unit, desig­
nated P-2, was operated for 50 days with a smaller sized sand media with 
a gradation as shown in Table 31. The media depth was again 3 ft. 
The feed stream to the unit was City of Ames Water Pollution Control Plant 
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Table 31. P-2 unit sand sieve analysis 
Sieve No.^ Sieve opening 
Percent passing 
by weight 
16 1.19 100.0 
18 1.00 98.9 
20 0.84 90.1 
25 0.71 66.8 
30 0.59 31.6 
35 0.50 14.4 
40 0.42 5.1 
45 0.35 1.6 
50 0.30 0.0 
^U.S. Standard sieve numbers. 
final effluent, the same as used with the P-1 unit in the earlier 
field study. The samples taken during this operational period were 
24-hour composite samples. Composite sampling gave a better indica­
tion of the PAB process capability during the entire day instead of 
only the daytime period, the period of sampling used in the previous 
study (31). 
The results of the P-2 unit operation with the finer sand are 
given in Table 32. The data were subjected to a regression analysis 
similar to the laboratory study data for adjustment to a common basis 
for comparison. 
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Table 32. Summary of P-2 unit operation using fine graded sand 
Flow rates 
Waste water Air Percent removal 
gpm/sq ft cfin/sq ft TOC SOC COD BOD BOD/TOC 
1.50 0.20 62.2* 4.9* 65.0* 81.1* 1,31 
1.50 0.20 61.8^ 12.8^ — — — 
1.50 0.20 51.5^ 14.9^ — — — 
^Data used are for comparable days of operation. 
^All data are included. 
^Adjusted for removal at influent TOC of 18.0 mg/1. 
^Adjusted for removal at influent SOC of 9.5 mg/1. 
As Table 32 shows, the TOC removal efficiency was as great or 
greater than that obtained in the laboratory study using a synthetic 
waste water as the substrate. However, the soluble portion of the actual 
waste water was not removed to the same high degree obtained in the 
laboratory. The ratio of the BOD removal to the TOC removal is 1.31 
which indicates greater substrate utilization than shown by the TOC 
removal alone. 
The successful operation of the PAB process in the field with actual 
final waste water effluent using a pilot plant apparatus which was not 
specifically designed for the purpose indicates that further research 
in the development of the PAB process may be very fruitful. 
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DISCUSSION 
Adsorption 
The adsorption of organic material onto several ordinary types of 
granular media is great enough to be easily measured. The hypothesized 
concentration of organic material at the media-substrate interface due 
to adsorption is observed. The data indicated that the PAB process can 
remove the same percentage of the TOC from actual final effluent waste 
waters as was accomplished in the laboratory from the well-balanced, 
more biodegradable synthetic waste water. Although this is not an 
actual proof of the biological mechanisms used in the PAB process, it 
is strong evidence of the beneficial effect of adsorption of the organic 
material onto media for a concentration effect to increase biodégrada­
tion of dilute waste waters. 
It is possible to hypothesize that the success of the PAB process 
is due more to the decreased path of diffusion, or mass transport, 
of the organic material rather than from the concentration effects of 
adsorption. This view comes from considering the small pore spaces in 
the media bed and the relatively short distances from the bulk waste 
water flowing through the unit to the surfaces of the media where the 
microorganisms are located. 
Some interesting fundamental studies could be made to define the 
mechanism. The aspect of the mechanism involved deserves further study 
since the adsorption phenomena could be utilized to a greater extent in 
design and operation of waste water treatment facilities if the 
bioiogicai utilization or the organic material can be enhanced in this 
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manner. The adsorption effect is another physical-chemical action 
which could be utilized in the design of biological systems for treating 
waste waters. 
The effect of media size and the effect of media type (specifically 
coal, activated carbon and sand) were masked to an appreciable degree 
by the additional organic material removal which apparently was being 
attained in the freeboard space above the media bed. The significance 
of the removal in the freeboard space using actual waste waters needs 
to be determined. If the additional removal in the freeboard space is 
important in treating the actual waste waters encountered in the field, 
additional freeboard depth may be a desirable feature to be added to 
future PAB units. The additional cost of using greater air pressure 
for larger freeboard depths would need to be balanced against the in­
creased removal of organic material that might be obtained. 
Dimensional Analysis 
The dimensional analysis used in the preliminary portion of the 
study to aid in identifying the many variables to be considered was a 
useful tool in the research program. It is interesting that the results 
of the data from the laboratory study correlated so well with a power 
dissipation term, (Xt//3), This term incorporates almost all of the 
dimensionless terms indicated by the dimensional analysis to be of 
importance in the PAB unit operation and control. Several portions of 
the laboratory scale study might have been eliminated or reduced if 
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the results of the dimensional analysis had been more rigorously 
followed in designing the experimental program, 
PAB Process Treatment Facility Configuration 
The organic removal obtained in the laboratory study was en­
couraging. This is particularly true if the results are considered 
from the view of an entire waste water treatment facility scheme. The 
trickling filter and the activated sludge secondary biological treatment 
processes incorporate a solids separation unit, usually sedimentation. 
This solids separation unit is vital to the effectiveness of these 
processes. 
In order to utilize any biological treatment unit in an efficient 
manner, a means of solids separation is essential. Otherwise, the 
substrate utilization for synthesis by the microorganisms will not 
be included in the overall process efficiency and only the oxidative 
removal would be considered. The same principle applies to the PAB 
process and solids separation procedures will probably need to be 
incorporated into any treatment facility for most effective results. 
Undoubtedly, filtration of the PAB unit effluent is indicated. 
The TOC and the SOC removal results in the laboratory study can be 
considered as if an adequate solids separation unit were incorporated 
into a PAB process system. If it is assumed that the solids separation 
unit would be 100 percent effective in removing the suspended material 
from the effluent of a PAB unit, the final effluent from a PAB process 
treatment facility would then have only the SOC ot the FAB unit effluent 
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as the organic material concentration leaving the facility. This as­
sumes no further soluble organic material removal in the solids separa­
tion unit itself which is probably a conservative assumption. 
The overall absolute organic material removal would be the PAB 
unit influent TOC minus the PAB unit effluent SOC. This is defined as 
the ultimate organic material removal in a plant using the PAB process. 
Using this relationship, the S-series data were subjected to a regres 
sion analysis similar to the procedure previously used. The results of 
the regression analysis of the S-series data are shown in Table 33, The 
pilot plant P-1 unit operation data using the coarse sand (31) as well as 
the data from the P-2 unit operation using the fine sand were analysed in 
the same manner. The ultimate removal efficiencies for the pilot plant 
operation are shown in Table 34, With media depths and flow rates listed 
Table 26, over 90 percent organic carbon removal should be obtained. 
Economics 
Since there are a number of processes (36) which are capable of 
accomplishing complete renovation of waste water, the final test of the 
applicability of a process will be not only the efficiency of the 
process, but also the economy of the process or system. The potential 
of the PAB process for efficient removal of organic material from 
final effluents has been demonstrated both on a laboratory scale and 
on a pilot plant scale in the field although further research is needed 
to establish more adequate design criteria. 
151 
Table 33. Ultimate organic carbon removal in S-series runs^ 
Regression line 
Flow rates constants" Correlation Average 
Waste water Air Y-axis intercept Slope coefficient percent 
Unit gpm/sq ft cfm/sq ft A B r removal 
2.0 0.23 - 0.18 0.91 0.993 90.1 
2.0 0.46 - 1.76 1.01 0.985 92.5 
S-1 2.0 0.65 - 0.70 0.95 0.993 91.7 
2.0 0.91 - 3.17 1.05 0.968 86.8 
3.4 0.65 - 3.54 0.91 0.931 73.8 
2.0 0.08 - 0.25 0.93 0.999 91.4 
2.0 0.16 - 1.17 0.98 0.987 92.1 
S-2 2.0 0.46 - 0.75 0.93 0.990 88.8 
2.0 0.91 - 4.54 1.08 0.997 83.9 
3.4 0.16 0.90 0.85 0.911 89.9 
2.0 0.46 - 4.68 1.13 0.890 87.7 
2.0 0.52 - 0.17 0.93 0.991 92.2 
S-3 2.0 0.91 - 0.47 0.93 0.987 90.3 
2.0 1.52 - 2.52 1.04 0.987 90.9 
3.4 1.52 - 3.27 0.90 0.916 73.8 
2.0 0.12 - 1.11 0.97 0.995 90.9 
2.0 0.32 - 1.38 1.01 0.988 93.4 
S-4 2.0 0.46 - 1.87 1.00 0.989 90.2 
2.0 0.91 - 1.52 0.93 0.963 84.9 
3.4 0.32 - 0.76 0.88 0.958 83.9 
2.0 0.12 - 0.31 0.94 0.999 92.7 
2.0 0.32 - 0.95 0.98 0.991 93.2 
S-5 2.0 0.75 " 1.20 0.96 0.974 90.3 
2.0 - 1.69 0.95 0.968 86.0 
3.4 0.32 2.11 0.75 0.948 85.3 
^Assuming complete removal of the suspended solids flushed from the 
PAB media in a secondary solids-removal facility such as a multi-media 
filter. 
^To fit model Y = A + BX where X = influent TOC, in mg/1 and Y = 
X - effluent SOC, in mg/l. 
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Table 34. Ultimate organic carbon removal in pilot plant operation 
Flow rates Average 
Waste water Air percent 
gpm/sq ft cfm/sq ft removal 
0.70 2.00 66.2* 
1.15 1.20 64.1* 
1.60 0.80 62.8* 
1.50 0.20 77.3^ 
^P-1 unit. 
^P-2 unit. 
The 1964-1967 Summary Report (36) of the AWTRP indicates that 
granular activated carbon columns or beds show considerable promise 
in removal of residual organic material from final effluents. The 
spent activated carbon is regenerated in high-temperature, multiple 
hearth furnaces. The total annual cost, including amortization, 
operation and maintenance, for granular activated carbon treatment 
was estimated to be 6.6 to 8.3 ç/1000 gallons (21, 36) based on a 
10 MGD treatment facility. The efficiency of the granular activated 
carbon units was observed (21, 36) to be 60 to 80 percent in removal 
of either COD or TOC from a final effluent waste water which had charac­
teristics comparable to the final effluent used in this study. 
Gulp and Hansen (10) have summarized, in general terms, the total 
annual costs of a number of potential processes for advanced waste 
water treatment. Those studies indicate that filtration of secondary 
treatment final effluent with mixed media filters on a pilot plant scale 
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could reduce the suspended solids by 98 percent at filtration rates of 
5 gpm/sq ft. The annual cost of such treatment was estimated to 1.0^/1000 
gallons, based on a 10 MGD treatment facility, the same basis for com­
parison used in other studies (21, 36). 
The operation data available does not allow a complete estimate 
of the total annual costs for a full-scale PAB process treatment 
facility. Since the PAB unit configuration is quite similar to a rapid 
sand filter, it seems reasonable to expect that the costs of a PAB 
unr.t can be extrapolated from the costs of filtration as given above. 
On this basis, a PAB unit operated at 2 gpm/sq ft would have a total 
annual cost of about 2,5<:/1000 gallons based on a 10 MGD treatment 
facility. 
The total annual cost of the air supply for the PAB process in a 
10 MGD plant is estimated to be 0.05ç/1000 gallons. This is based on 
an air flow rate of 0.5 cfm/sq ft and an electrical energy cost of 
1ç/KWH. This annual cost includes the amortization of equipment and 
facilities for the air supply. The fact that rate controllers and back­
wash facilities for the PAB units are not needed in contrast to the 
requirements of a filtration facility, will probably more than account 
for the low cost of aeration in the PAB units. 
The combination of a PAB unit operating at 2 gpm/sq ft and a mixed 
media filter operating at 5 gpm/sq ft can then be estimated at 
3,5f/1000 gallons in a 10 MGD plant. Such a tertiary treatment process 
configuration could provide 60 to 90 percent TOG removal, comparable 
to or better than the results obtained in the granular activated carbon 
pilot plant studies (21, 36). The total annual cost of the combined PAB 
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unit and mixed media filter treatment facility would be considerably 
less than the total annual cost of the granular activated carbon 
system. The operation would be easier and less sophisticated equipment 
would be needed. 
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CONCLUSIONS 
The conclusions drawn as a result of this study and process 
development may be summarized as follows: 
1, The PAB process appears to be a practical physical-chemical-
biological tertiary treatment process which incorporates the 
physical-chemical adsorption of organic material on the 
surface of granular bed media to increase the concentration of 
biologically degradable organic material available for 
biological metabolism at the media-waste water interface. 
2, The PAB process can be incorporated in a waste water treat­
ment system in two basic forms: 
a. By using only PAB units for additional removal of organic 
material by metabolism to new biological cells which 
are not removed from the PAB unit effluent. The removal 
of organic material would then be only the oxidative 
removal during the synthesis of the new biological cells. 
b. By using PAB units followed by solids-separation units 
such as multi-media filters to remove not only the organic 
material oxidized in the biological metabolism, but also 
the organic material incorporated into the new cell material 
which can be separated from the liquid portion. 
A 10-MGD treatment plant based on the latter system could be 
designed, built and operated at a total annual cost of about 
3.5ç/1000 gallons. An activated carbon adsorption plant to 
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effect the same removals would involve costs of about 6.6 to 
8.3ç/1000 gallons of waste water treated. 
A PAB-solids separation system would provide removal of 
organic material remaining in secondary treatment plant ef­
fluents, as mc=3U3cd by organic carbon analysis, of at least 
70 to 90 percent, with preliminary pilot plant field data 
using only 36-inch deep media beds showing removals of about 
77 percent. The PAB units do not appear to be effective in 
removing phosphate from solution or in meeting a significant 
part of the oxygen demand involved in nitrification of the 
waste water. 
Laboratory and limited field pilot plant operating data would 
appear to indicate the following tentative design criteria; 
a. PAB media should be a durable silica sand comparable to 
that used in rapid sand filters with a sand grain size 
of about 0.5 to 0.6 mm. 
b. The PAB media depth in the range of 50 to 60 inches 
(Table 26) would appear to be most suitable, although 
only 36-inch deep units were used in this study. 
c. The PAB upward air flow rate should be in the range of 0.2 
to 0.4 cfm/sq ft. 
d. The freeboard above the media appears to play an important 
role in the process efficiency, but the desirable free­
board characteristics still have to be determined. 
Dimensional analysis was valuable in defining the combinations 
of physical, chemical and biological variables which affect 
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the efficiency of the PAB process. The relationships 
developed in the study are of two types: 
a. The efficiency of organic material removal in the laboratory 
experiments, particularly the SOC removal, tends to correlate 
with a power dissipation term. The power dissipation 
term contains most of the variables which the preliminary 
dimensional analysis had indicated would affect the PAB 
process. 
b. A friction term for calculation of the head loss through 
a PAB unit was found to correlate very well with a modi­
fied Reynolds number. The modified Reynolds number in­
cluded the velocities of both the air and waste water. 
6. The direct measurement of the organic substrate concentrations 
by the technique of organic carbon measurement, either total 
or soluble, is precise at the low levels encountered and was 
a vital part of the study. However, the determination of the 
organic carbon removal, either total or soluble, is an in­
complete indication of the substrate utilization by micro­
organisms. The BOD or other similar assay type of biological 
analyses will still be needed for an adequate overall evalua­
tion of the performance of biological treatment processes. 
7. The measurement of organic carbon at low concentration using 
the Carbonaceous Analyzer^ has an interference from silicates 
in the solution. This interference must be considered in order 
^Beckman Instruments, Inc., Fullerton, California. 
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to obtain accurate, low concentration, organic carbon values. 
Further research is needed to determine why the silicates 
interfere and if there are analytical techniques (other than 
a blank correction) to eliminate the interference. 
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RECOKMENDATIONS 
Since the PAB process appears to have significant potential, it 
seems appropriate to continue with the development of the PAB process. 
The future studies on the PAB process which should be conducted can 
be divided into two areas of endeavor, equally important to the PAB 
process. 
First, more extensive pilot or semi full-scale plant operation 
at different waste water and air flow rates and media depths is needed 
to establish adequate process design criteria. Other aspects of the 
process, such as temperature, start-up and recovery, should also be studied. 
In addition, work needs to be done on the physical details of designing a 
PAB unit which will function properly in full-scale field application. The 
pilot plant studies using units involving a bed area of at least 4 to 
6 sq ft should evaluate effectiveness of smaller media, deeper media beds, 
as well as other media materials and cover a waste water flow rate of 0.5 
to 2.0 gpm/sq ft and an air flow rate of 0.1 to 0.4 cfm/sq ft. 
Since maximum organic material removals can be obtained by in­
corporating a solids separatiamiunit into the PAB system, methods of 
solids separation should be evaluated in the proposed further studies 
Sedimentation and filtration processes should be evaluated. 
A second area of endeavor, which may prove more important in the 
future, should include study of the mechanisms of substrate utilization 
by the microorganisms under different environmental conditions. In 
particular, the effect of concentration at the media surface should be 
evaluated further. 
160 
A third area of further research which is not related to the PAB 
process alone, would involve evaluation of the reasons for the silicate 
interference in the low level carbon determinations. Analytical 
techniques for eliminating the silicate interference could be utilized 
by many investigators using this analytical technique. 
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APPENDIX A 
Organic Carbon Data 
The following definitions apply to this appendix: 
I Influent TOC, mg/l 
E Effluent TOC, mg/l 
IC Influent SSOC, mg/l 
EC Effluent SSOC, mg/l 
IF Influent SOC, mg/l 
EF Effluent SOC, mg/l 
The designation *** refers to data obtained during periods of 
operational or analytical problems. These data were excluded from 
the data evaluation. 
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PAB PROCESS OPERATION DATA 
RUN SERIES MSA-1 
DIAMETER 0.72 MM 
DEPTH 17.35 INCHES 
DENSITY 2.69 GRAMS/PC 
MEDIA SAND 
DAY 
3 *** 
7 *** 
8 *** 
9 *** 
14 *** 
17 *** 
21 *** 
22 *** 
23 *** 
25 *** 
28 *** 
31 
32 
34 
35 
36 
37 
3B 
39 
42 
43 
44 
45 
46 
49 
50 
51 
52 
53 
I E 
7. 1 2. 1 
30. 1 26. 4 
26. 5 25. 0 
28. 0 23. 4 
20. 9 22. 6 
24. 3 19. 4 
17. I 14. 6 
33. 9 26. 9 
18. 9 15. 7 
20. 0 13. 1 
25. I 16. 6 
17. 4 7. 2 
15. 8 5. 5 
20. 4 8. 8 
23. 0 Q. 8 
14. 6 7. 0 
26. 4 18. 4 
19. 5 11. 5 
23. 0 9. 0 
13. 0 9. 4 
23. R 13. 8 
22. 8 16. 0 
21. 0 12. 2 
21. 4 15. 9 
22. 6 7. 8 
15. 0 7. 4 
17. 0 10. 6 
22. 6 16. 6 
25. 0 16. 8 
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PAR PROCESS OPERATION DATA 
PUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
MSA-2 
6.?5 MM 
18.00 INCHES 
3.00 RRAMS/CC 
INTELOX SADDLES 
DAY 
7 *** 
a *** 
9 *** 
17 *** 
?1 *** 
22 *** 
23 *** 
25 *** 
?8 *** 
31 
32 
34 
35 
36 
37 
lA 
39 
42 
43 
44 
45 
46 
49 *** 
50 *** 
51 
=;? 
53 
I F 
30. 1 ? « .  7 
26. 5 25. 0 
2R. 0 22. 3 
24. 3 22. 3 
17. 1 5. 1 
38. 9 33. I 
18. 9 18. 9 
20. 0 17. 1 
25. 1 16. 3 
17. 4 9. 7 
15. 8 4. 5 
20. 4 9. 0 
23. 0 10. 0 
14. 6 6. 4 
26. 4 12. 8 
19. 5 3. 3 
23. 0 4. 5 
13. 0 4. 4 
23. 8 8. 6 
22. 8 11. R 
21. 0 5 . 0 
21. 4 8. 2 
2?. 6 0. 0 
15. 0 0. 0 
17. N 3. 2 
22. 6 4. 2 
25. 0 B. ?  
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"AR PROCESS OOFRATIOM DATA 
RUN SERIFS 
DIAVFTFR 
HEPTH 
OFNSTTY 
MEDIA 
DAY 
7 *** 
8 *** 
Q *** 
14 *** 
MSA-3 
I.10 MM 
lA.nn INfMrs 
2.9? IDAMS/ri 
GLASS BFAHS 
I P 
30.1 32.1 
26.5 24.9 
2«.0 21.4 
20.9 19.4 
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PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
MSA-3A 
0.68 MM 
15,25 INCHES 
1.62 GRAMS/CC 
ANTHRACITE COAL 
DAY 
25 
? 8  
31 
12 
34 
35 
36 
37 
38 
39 
42 
43 
44 
45 
46 
4P 
50 
51 
52 
53 
*** 
*** 
*** 
I 
20.n  
25.1 
17.4 
15.8 
20.4 
23.0 
14.6 
26.4 
10.5 
23.0 
13.0 
23.8 
2 2 . 8  
21.0 
21.4 
22.6 
15.0 
17.0 
22.6 
25.0 
F 
14.6 
18.0  
1 1 . q  
7.0 
1 2 . 8  
14.2 
1 1 . 2  
24. q 
9.5 
10.5 
9.0 
13.4 
19.0 
1 2 . 0  
1 6 . 2  
6 .  8  
7.2 
10.4 
13.2 
18.4 
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PAR PRnrPSS HPFRATION DATA 
RUN SFRÎFS 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
ySA-4 
1.30 MM 
17.65 INCHES 
1.62 GRAMS/CC 
ANTHRACITE COAL 
DAY 1 F 
3 *** 7.1 1.4 
7 »** 30.1 27.2 
9 *** 28.0 21.4 
14 ft** 20.9 19.7 
17 *** 24.3 19. 1 
21 *** 17.1 21.4 
22 *** 38.Q 32.3 
23 *** 18.9 15.1 
*** 20.0 17.7 
28 *** 25.1 14.6 
31 17.4 7.2 
32 15.8 8.0 
20.4 q. 0 
35 23.0 10.0 
172 
PAB PROCESS PPERATTHM DSTA 
PUN SEPTUS 
ptamftfr 
DFPTH 
DENSITY 
MFOIA 
ysA-s 
0.36 mm 
16.00 INCHES 
2.69 GRAMS/rC 
SAND 
DAY 
« *** 
10 *** 
14 *** 
17 *** 
18 *** 
?1 *** 
22 *** 
23 *** 
P.5 *** 
28 *** 
31 
32 
34 
3'^ 
36 *** 
37 *** 
38 
3P 
42 
43 
44 
45 
46 
4Q 
50 
51 
52 
53 
I F 
25. 5 25. 2 
14. 3 19. 4 
2n. Q 18. 6 
24. 3 17. 7 
27. 1 20. 7 
17. 1 15. 7 
39. 9 28. 0 
18. 9 14. 6 
20. 0 14. 6 
25. 1 19. I 
17. 4 8. 2 
15. 8 9. 5 
20. 4 9. 6 
23. 0 10. 6 
14. 6 17. 2 
26. 4 22. 5 
19. 5 9. 5 
23. 0 6. 5 
13. n 8. 2 
23. 8 9. 2 
22. 8 8 
21. 0 12 . 8 
21. 4 14. 6 
?2. 6 10. 8 
15. 0 5. 8 
17. 0 9. 6 
22. 6 13. 8 
25. 0 16. 6 
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PAB PROCESS OPERATICN DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
MSB-I 
0.92 MM 
36,CC INCHES 
2.69 GRAMS/CC 
SAND 
DAY I E IC EC IF EK 
17 11.8 4.0 
22 17.8 5.6 
32 17.6 6.6 
36 10.7 5.4 
43 11.9 5. c 
44 14. 1 6.6 
45 18. 10.6 
52 13.7 6. 3 
53 22.5 7.1 
58 18.1 7.5 
60 16.0 6. 1 
63 13.3 6.2 
63 14.3 7. 1 8.3 6.4 6.0 0.7 
t»4 17.7 8.9 8.8 7.8 8.9 1. 1 
67 13.1 7.5 
71 26. 1 13. 9 10.1 7.6 16. C 6.3 
AY 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
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PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
*** 
*** 
I E 
17. 6 8.6 
10. 7 6.4 
11. 9 6.9 
13. 8 7.1 
18. 5 9.2 
13. 7 12.5 
18. 1 10. 1 
16. 0 6.7 
13. 3 8.0 
17. 7 10.1 
13. 1 8.5 
26. 1 6.1 
MSB-2 
0.46 MM 
36.CO INCHES 
2.69 GRAMS/CC 
SAND 
IC EC IF EF 
8.8 6.7 8.9 3.4 
10.1 5.6 16.0 0.5 
DAY 
17 
22 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
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PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
*** 
*** 
1 1 . 8  
17.8 
17.6 
10. 7 
11.9 
13. 8 
18.5 
13.7 
18. 1 
16.0  
13.3 
17.7 
13.1 
26. 1 
E 
6 . 6  
1 1 . 2  
13.6 
6.C 
5.2 
7.7 
1 2 . 1  
1 1 . 1  
8 . 1  
6.7 
6.4 
10.1 
10.3 
13. 2 
MSB-3 
0.92 MM 
36.00 INCHES 
1.62 GRAMS/CC 
ANTHRACITE COAL 
IC EC IF EF 
8. 8 6. 9 8.9 3.2 
10.1 5.9 16.0 7.3 
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PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
DAY I [ 
17 *** 11. 8 11.4 
22 17.8 10.0 
32 17.6 9.6 
38 10. 7 6. e 
43 11.9 8.1 
44 13. b 6.7 
4b 18.5 10.7 
52 13.7 11.1 
58 18. 1 9.2 
60 16.0 7.8 
63 13.3 8.2 
64 *** 17.7 13.1 
67 *** 13.1 10.6 
71 26.1 13.7 
MSB-4 
0.46 MM 
36.00 INCHES 
L.t>2 GRAMS/CC 
ANTHRACITE COAL 
IC EC IF EF 
8.8 8.8 8.9 4.3 
10.1 6.9 16.0 6.8 
DAY 
17 
22 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
177 
PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
I E 
11. 8 4.1 
17. d 9.4 
17. 6 6.3 
10. 7 5.8 
11. 9 6.3 
13. 8 6.7 
18. 5 9.7 
13. 7 8.4 
18. 1 8.1 
16. 0 6.7 
13. 3 5.7 
17. 7 8.9 
13. 1 7. 1 
26. 1 10.6 
MSB-5 
0.92 MM 
36.CO INCHES 
1.50 GRAMS/CC 
ACTIVATED CARBON 
IC EC IF EF 
8.8 6.5 8.9 2.4 
10.1 7.0 16.C 3.6 
178 
PAB PROCESS OPERATION DATA 
RUN SERIES S-1 
DIAMETER 0.92 MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
L *** 16.8 16.4 
2 **» 19.9 13.9 
10 15.6 15.2 
12 *** 10.4 8.4 
13 *** 14. 3 11. 3 
15 *** 12.0 7.3 3.9 3.5 8.1 3. 
15 *** 12.5 5.7 
17 *** 9.9 2.5 1.9 0. 3 8.0 2. 
19 *** 11.4 4.5 3.4 2.5 8.0 2. 
22 *** 14.9 6.2 
22 *** 14.3 8.5 
22 *** 8.9 5.4 2 .9 4.6 6.0 0. 
23 *** 28.2 13.4 11.5 11.9 16.7 1. 
24 17.6 10.8 7.4 9.3 10.2 1. 
25 18.7 9.1 7.7 7.6 11.0 1. 
26 16.9 8.2 6.5 4. 8 10.4 3. 
27 18.8 11.3 7.1 9.6 11.7 1. 
28 14.0 9.2 5.8 6.5 8.2 2. 
29 23.3 11.7 13.1 9.5 10.2 2. 
30 11.1 7.5 3.3 5.7 7.8 1. 
31 *** 15.0 11.1 6.4 8.7 8.6 2. 
32 *** 10.6 5.8 4.8 3.4 5.8 2. 
34 *** 8.6 6.9 2.1 4.9 6.5 2. 
36 15.6 8.4 3.4 4.2 12.2 4. 
37 *** 8.2 6.5 3.1 2.8 5.1 3. 
39 *** 23. 5 11.4 12.1 6.8 11.4 4. 
40 23.6 11.9 12.7 5.9 10.9 6. 
41 *** 22.0 11.0 10.9 4.8 11.1 6. 
42 *** 14.0 9.0 5.6 4.9 8.4 4. 
43 *** 16.8 9.4 8.5 4.5 8.3 4. 
44 15.4 8.8 8.0 6.6 7.4 2. 
44 15. 7 7.5 7.2 5. 7 8. 5 1. 
45 17.7 8.5 8.9 6.0 8.8 2. 
46 18. 8 9.3 9.5 7.0 9.3 2. 
50 *** 18.1 11.6 7.7 9.4 10.4 2. 
50 *** 19.0 14.7 9.2 12.9 9.8 1. 
51 18.4 12.6 8.5 11.1 9.9 1. 
52 18.5 8.3 8.2 6.6 10.3 1. 
53 22.3 9.8 11.0 8.7 11.3 1. 
34 21.9 9. C 13.4 7.6 6. [i I. 
57 *** 12.7 8.6 6.0 7.8 6.7 0. 
8 
2 
0 
8 
5 
5 
5 
4 
7 
7 
2 
8 
4 
4 
0 
2 
7 
6 
0 
2 
1 
9 
0 
8 
5 
3 
2 
8 
5 
7 
1 
4 
8 
DAY 
60 
6 1  
62 
63 
64 
65 
66 
67 
68 
69 
71 
72 
73 
74 
76 
77 
78 
79 
8 1  
83 
84 
85 
86 
87 
88 
109 
110  
1 1 1  
1 1 2  
115 
116 
117 
118 
119 
120  
121 
122 
123 
124 
179 
PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
S-1 
C.92 MM 
36.00 INCHES 
2.69 GRAMS/CC 
SAND 
I E IC EC IF EF 
27.3 8.5 17.0 7. 1 10.3 1.4 
*** 22.9 15.0 10.1 9.2 12.8 5.8 
17.3 10.5 8.4 8.5 8.9 2.0 
16. 5 5.2 7.6 4.0 8.9 1.2 
18.5 6.3 8.4 3.4 10.1 2.9 
20.6 8. 5 IC.5 7.5 10. 1 1.0 
31.9 9.8 15.7 6.6 16.2 3.2 
18. 0 10.9 10.7 9.7 7.3 1,2 
11.9 8.7 6.3 7.3 5.6 1.4 
18.2 7.4 7.9 5.6 10.3 1.8 
17. 1 8. 7 8.0 7.2 9.1 1.5 
17.7 13.5 8.3 12.1 9.4 1.4 
23.0 13.5 11.9 11.6 11.1 1.9 
18.6 11.9 8.8 9.5 9.8 2.4 
*** 10.9 9.3 5.6 8.8 5.3 0. 5 
*** 15.3 12.2 6.6 11.0 8.7 1.2 
*** 15.1 9. I 7.1 8. 0 8. 0 1.1 
**» 9.9 7.0 4.7 6.6 5.2 0.4 
*** 17.7 11. 7 7.0 9.4 10.7 2.3 
17.4 10.4 6.5 9.5 10.9 0.9 
14.3 8.3 6.5 7.2 7.8 1.1 
16.1 9.6 5.7 8.5 10.4 1.1 
20.9 14.6 7.6 12.6 13.3 2.0 
20.6 13.8 6.9 11.8 13.7 2.0 
19.6 11.9 7.7 10.1 11.9 1.8 
19.1 11.5 5.7 10.0 13.4 1.5 
19.0 8.9 7.7 7.0 11.3 1.9 
26.5 11.0 17.7 9.5 8.8 1.5 
24.3 10.6 13.1 9.0 11.2 1.6 
15.3 8.9 5.6 7.4 9.7 1.5 
17.1 10.3 7.8 8.9 9.3 1.4 
17.5 8.9 8.1 7.4 9.4 1.5 
21.6 13.5 11.3 8.7 10.3 4. 8 
18.1 11.7 7.2 6.7 10.9 5.0 
18.9 12.0 7.9 7.7 11.0 4.3 
19.2 13.2 9.2 7.7 10.0 5.5 
20.4 13.6 10.4 8.9 10.0 4.7 
23. 1 13. 1 15.2 8.5 7.^1 4.6 
17.5 10.3 9.9 6.8 7.6 3.5 
DAY 
1 
2 
10 
12 
13 
15 
17 
19 
2 2  
22 
2 2  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
34 
36 
37 
39 
40 
41 
42 
43 
44 
44 
45 
46 
50 
50 
51 
52 
53 
54 
5 7 
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PAB PROCESS OPERATION DATA 
RUN SERIES S-2 
DIAMETER 0.46 MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
I E IC EC IF EF 
*** 16. 8 15. 1 
*** 19.9 14.4 
*** 15.6 15.2 
*** 10.4 8.4 
*** 14.3 14.3 
*** 12.0 12.7 3.9 4.1 8.1 8.6 
*** 9.5 5.9 2.2 0.6 7.3 5.3 
12. 1 11.2 3.5 3.0 8.6 8.2 
*** 14.9 9. 8 
*** 14.3 14. 1 
*** 8.9 8.4 2.9 3.2 6.C 5.2 
*** 28.2 23.8 11.5 12.1 16.7 11.7 
*** 17.6 13.0 7.4 6.2 10.2 6.8 
18.7 11.0 7.7 7.4 11.0 3.6 
16.9 10.G 6.5 6.6 10.4 3.4 
18.8 11.1 7.1 8.2 11.7 2.9 
14.0 9.6 5.8 6.4 8.2 3.2 
23.3 11.9 13.1 9.4 10.2 2.5 
11. 1 6.4 3.3 2.8 7.8 3.6 
*** 15.0 10.3 6.4 8.1 8.6 2.2 
*** 10.6 7.1 4.8 5.4 5.8 1.7 
*** 8.6 5.9 2.1 3.9 6.5 2.0 
15.6 8. 0 3.4 4. 8 12.2 3.2 
8.2 6.8 3.1 4.2 5.1 2.6 
23.5 12.3 12.1 9.0 11.4 3.3 
23.6 13.5 12.7 11.3 10.9 2.2 
22.0 11.3 10.9 9.0 11.1 2.3 
*** 14. 0 10. 1 5.6 7.7 8.4 2.4 
*** 16.8 11.3 8.5 8.9 8.3 2.4 
*** 15.4 10.0 8.0 8.7 7.4 1.3 
15.7 9.4 7.2 7.3 8.5 2.1 
17.7 10,0 8.9 7.6 8.8 2.4 
18. 8 10.3 9.5 8.3 9.3 2.0 
*** 18. 1 13.5 7.7 8.1 10.4 5.4 
*** 19.0 13.9 9.2 10.1 9.8 3.8 
18.4 12.3 
18.5 10.2 8.2 7.5 10.3 2.7 
22.3 15.0 11.0 12.8 11.3 2.2 
21.9 12.8 13.4 11.6 8.5 1.2 
1^.7 iù. i o . Ù 6.5 6.7 1.6 
14.0 8.8 8.0 7.3 6.0 1.5 
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PAB PROCESS OPERATION DATA 
RUN SERIES S-2 
DIAMETER 0.46 MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
61 22.9 18.1 10.1 9.0 12.8 9. 
62 17.3 10.1 8.4 8.5 8.9 1. 
63 16.5 8.9 7.6 7.7 8.9 1. 
64 18.5 9.4 8.4 7.5 10.1 1. 
65 20.6 10.5 10.5 9. 1 10.1 1. 
66 31.9 17.2 15.7 14. b 16.2 2. 
67 *** 18.0 11.6 10.7 10.3 7.3 1. 
68 11.9 6.5 6.3 5.4 5.6 1. 
69 18.2 9.4 7.9 7.6 10.3 1. 
71 17. 1 9. 6 6.0 8. 1 9. 1 I. 
72 *** 17.7 9.1 8.3 7.2 9.4 1. 
73 23.0 10.3 11.9 8.4 11,1 1. 
74 18.6 9.1 8.8 6.7 9. 8 2. 
76 *** 10.9 8.9 5.6 8.2 5.3 0. 
77 *** 15.3 8.9 6.6 7.5 8.7 1. 
78 *** 15. 1 7.2 7.1 6.0 8.0 1. 
79 9.9 6.9 4.7 5.9 5.2 1. 
81 *** 17.7 11.3 7.0 7.6 10. 7 3. 
83 17.4 8.1 6.5 6.3 10.9 1. 
84 14.3 7.0 6.5 5.9 7.8 1. 
85 16.1 7.5 5.7 6.4 10. 4 1. 
86 20.9 12.4 7.6 10.4 13.3 2. 
87 20.6 10. 1 6.9 8.0 13. 7 2. 
88 19.6 10.1 7.7 8.4 11.9 1. 
109 19.1 8.4 5.7 6.8 13.4 1. 
110 19.0 8.9 7.7 6.9 11.3 2. 
111 26.5 11.0 17.7 9.5 8.8 1. 
112 24.3 9.4 13.1 8.9 11.2 0. 
115 15.3 9.5 5.6 8.1 9.7 1. 
116 17.1 9.9 7.8 9.2 9.3 0. 
117 17.5 9.9 8. 1 8.8 9.4 1. 
118 21.6 11.9 11.3 7.4 10.3 4. 
119 18. 1 9.3 7.2 7.5 10.9 1. 
120 18.9 9.5 7.9 7.5 11.C 2. 
121 19.2 9.6 9.2 7.5 10.0 2. 
122 20.4 8.6 10.4 7.6 10. G 1. 
123 23.1 9.0 15.2 6.9 7. <7 2. 
124 17.5 8.0 9.9 7.2 7.6 0. 
1 
6 
2 
9 
4 
6 
3 
1 
8 
5 
9 
9 
4 
7 
4 
2 
0 
7 
8 
1 
1 
0 
1 
7 
6 
0 
5 
5 
4 
7 
1 
5 
a 
0 
I 
0 
1 
8 
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PAB PROCESS OPERATION DATA 
RUN SERIES S-3 
DIAMETER 1.435MM 
DEPTH 36.CO INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
I *** 16.8 15.6 
2 *** 19.9 13.9 
10 *** 15.6 6.3 
12 *** 10.4 3.3 
13 *** 14.3 4. 1 
15 *** 12.0 6.4 3.9 2.3 8.1 4.1 
15 *** 10.8 4.6 
17 *** 9.5 2. 7 1.5 0.1 8.0 2.6 
19 *** 11.C 4.7 2.4 1.9 8.6 2.8 
20 *** 20.7 9.3 
22 *** 14.9 5.6 
22 *** 14.3 3.1 
22 *** 8.9 2.8 2.9 2.0 6.0 0.8 
23 *** 28.2 7.4 11.5 6. 1 16. 7 1.3 
24 17.6 9.1 7.4 7.3 10.2 1.8 
25 18. 7 10. 0 7.7 8.7 11.0 1.3 
26 16.9 6. I 6.5 5.C 10.4 1. 1 
27 18.8 9.0 7.1 7.1 11.7 1.9 
28 14.0 7.9 5.8 6.5 8.2 1.4 
29 23.3 10.2 13.1 8.1 10.2 2.1 
30 11.1 6.2 3.3 4.4 7.8 1.8 
31 *** 15.0 12.4 6.4 10.9 8. 6 1.5 
32 *»* 10.6 5.1 4.8 3.1 5.8 2.0 
34 *** 8.6 6. 8 2.1 5.4 6.5 1.4 
36 15.6 7.9 3.4 5.2 12.2 2.7 
37 *** 8.2 6.6 3.1 4.3 5.1 2.3 
39 23.5 12.2 12.1 9.4 11.4 2.8 
40 23.6 9.0 12.7 7.3 10.9 1.7 
41 22.0 7.5 10.9 4.9 11.1 2.6 
42 *** 14.0 9.3 5.6 7.9 8.4 1.4 
43 16.8 8.5 8.5 7.6 8.3 0.9 
44 15.4 4. 1 8.0 3.2 7.4 0.9 
44 15.7 3.9 7.2 2.4 8.5 1.5 
45 17.7 3.4 8.9 3.2 5.8 2.2 
46 *** 18. ti 4.4 9.5 2.2 9.3 2.2 
50 *** 19.0 13.5 9.2 12.0 9. 8 1.5 
50 *** 18. 1 11.1 7.7 8.5 10.4 2.6 
52 18.5 8.7 8.2 2.6 10. 3 6.1 
53 22.3 7.8 11.0 6.8 11.3 1.0 
34 21.9 •J • o 13.4 T.J. n -7 
57 'it • * 12.7 11.6 6.0 5.9 6. 7 5.7 
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PAb PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
S-3 
1.435MM 
36.CC INCHES 
2.69 GkAMS/CC 
SAND 
DAY I E IC EC IF EF 
60 27.3 9.7 17.0 8.5 10.3 1.2 
61 *** 22.9 9.5 10.1 6. 8 12. 8 2.7 
62 17.3 10.6 8.4 9.4 8.9 1.2 
63 16. 5 9.6 7.6 8.4 8.9 1.2 
64 18.5 10.0 8.4 7.3 10.1 2.7 
65 20.6 12.5 10.5 10.3 10.1 2.2 
66 31.9 20.6 15.7 17.6 16.2 3.0 
67 *** 18.0 16.8 10.7 15.5 7.3 1.3 
68 11.9 6.2 6.3 5.2 5.6 1.0 
69 18.2 7.7 7.9 6.7 10.3 1.0 
71 17.1 7.5 8.0 5.9 9.1 1.6 
72 *** 17.7 11.5 8.3 9.4 9.4 2. 1 
73 23.0 12.6 11.9 11.5 11. 1 1.1 
74 18.6 11.1 8.8 9.0 9.8 2.1 
76 *** 10.9 9.3 5.6 8.6 5.3 0.7 
77 15.3 10.8 6.6 9.5 8.7 1.3 
78 *** 15. 1 9. 7 7.1 8.5 8.0 1.2 
79 *** 9.9 8.3 4.7 7.3 5.2 1.0 
81 *** 17.7 12.3 7.0 9.4 10.7 2.9 
83 17.4 12.0 6.5 10.0 10.9 2.0 
84 14.3 8.9 6.5 7.8 7.8 1.1 
85 16. 1 10.9 5.7 9.8 10.4 1.1 
86 20.9 16.4 7.6 13.9 13.3 2.5 
87 20.6 14.4 6.9 12.3 13.7 2.1 
88 19.6 14.1 7.7 12.1 11.9 2.0 
109 19.1 11.5 5.7 9.1 13.4 2.4 
110 19.0 11.7 7.7 10.0 11.3 1.7 
111 26.5 12.8 17.7 11.6 8.6 1.2 
112 24.3 12.2 13.1 11.0 11.2 1.2 
115 15.3 9.7 5.6 6.8 9.7 2.9 
116 17. 1 10. 5 7.8 8.9 9. 3 1.6 
117 17.5 11.5 8.1 10.2 9.4 1.3 
118 21.6 16. 9 11.3 11.7 10.3 5.2 
119 18.1 13.3 7.2 8. 1 10.9 5.2 
120 18.9 13.7 7.9 9.0 11.0 4.7 
121 19.2 14. 8 9.2 8.3 10.0 6.5 
122 20.4 14.8 10.4 8.1 10.0 6.7 
123 23.1 14.8 15.2 9.6 7.9 5.2 
124 17.5 11.9 9.9 6.0 7.6 3.9 
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PAB PROCESS OPERATION DATA 
RUN SERIES S-4 
DIAMETER 0.65 YM 
DEPTH 36.00 INCHES 
DENSITY 2.6 9 GKAM5/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
1 16.8 16.6 
2 *** 19.9 15. I 
10 *** 15.6 14.0 
12 10.4 8.6 
13 *** 14. 3 13.2 
15 *** 12.0 14.9 3.9 5.0 8.1 9.9 
15 *** 12.5 9.6 
17 *** 9.9 4.1 2.0 -I. 2 7.9 5.3 
19 »** 11.6 9.2 2.8 1.5 8.8 7.7 
22 *** 14.9 7.C 
22 *** 14.3 9.3 
22 *** 8.9 5.8 2 .9 4.3 6.0 1.5 
23 *** 28.2 15.1 11.5 11.7 16.7 3.4 
24 17.6 11.1 7.4 5.9 10.2 5.2 
25 18.7 8.2 7.7 5.0 11.0 3.2 
26 16.9 9. 1 6.5 7.6 10.4 1.5 
27 18.8 10.3 7.1 8.2 11.7 2.1 
28 14. 0 8.9 5.8 6.7 8.2 2.2 
29 23.3 10.0 13.1 8.0 10.2 2.0 
30 11.1 6.2 3.3 4.4 7.8 1.8 
31 *** 15.0 9.1 6.4 7.2 8. 6 1.9 
32 *** 10.6 6.4 4.8 3.8 5.8 2.6 
34 *** 8.6 6.6 2.1 5.8 6.5 0.8 
36 15.6 8.2 3.4 4.7 12.2 3.5 
37 *** 8.2 6.8 3.1 4.0 5.1 2.8 
39 23. 5 12.6 12.1 9.5 11.4 3.1 
40 23.6 12.0 12.7 9.1 10.9 2.9 
41 22.0 10.7 10.9 7.2 11.1 3.5 
42 *** 14.0 9.5 5.6 7.4 8.4 2.1 
43 16.8 10.9 8.5 8.3 8.3 2.6 
44 15.4 9.2 8.0 7.7 7.4 1.5 
44 15.7 9.6 7.2 7.8 8. 5 1.8 
45 17.7 10.6 8.9 7.8 8.8 2.8 
46 18. 8 10.3 9.5 7.5 9.3 2.8 
50 *** 18.1 13.9 7.7 7.1 10.4 6. 8 
50 *** 19.0 13.5 9.2 8.9 9.8 4.6 
51 18.4 12.é e.5 9.0 9.9 3.6 
52 18.5 11.0 8.2 9.3 10.3 1.7 
53 22.3 11.3 11.0 9.1 11.3 2.2 
54 -) t ^ A * ? 12 C 1 3 /. J -/ • -7 1Û b Cï i; 1 c. 
58 14.0 8.4 8.0 6.9 6.0 1.5 
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PAB PROCESS OPERATION DATA 
RUN SERIES S-4 
DIAMETER 0.65 MM 
DEPTH 36.CO INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
61 **» 22.9 15.0 10.1 13.3 12.8 1.7 
62 17.3 10.1 8.4 8.0 8.9 2.1 
63 16. 5 8. 1 7.6 7.0 8.9 1.1 
64 18.5 10.7 8.4 8.6 10.1 2.1 
65 20.6 10.3 10.5 8.7 10.1 1.6 
66 31.9 14.1 15.7 11.7 16.2 2.4 
67 »** 18.0 16.5 10.7 15.3 7.3 1.2 
68 11.9 7.C 6.3 4.9 5.6 2.1 
69 18.2 11.0 7.9 10.3 10.3 0.7 
71 17.1 8.7 8.0 7.0 9.1 1.7 
72 *** 17.7 11.2 8.3 9.8 9.4 1.4 
73 23.0 13.1 11.9 12.3 11.1 0.8 
74 18.6 9. 5 8.6 7.5 9.8 2.0 
76 10.9 9.5 5.6 8.8 5.3 0.7 
77 *** 15.3 8.2 6.6 7.2 8.7 1.0 
78 *»* 15. 1 8.2 7.1 7.0 8.0 1.2 
79 *** 9.9 5.8 4.7 5.2 5.2 C.6 
81 *** 17.7 10.7 7.0 9.1 10.7 1.6 
82 16.9 9.1 4.4 7.6 12. 5 1.5 
83 17.4 9.0 6.5 7.6 10.9 1.4 
84 14.3 6.8 6.5 6.1 7.6 0.7 
85 16.1 8.5 5.7 7.8 10.4 0.7 
86 20.9 12.9 7.6 10.9 13.3 2.0 
87 20.6 11.8 6.9 9.7 13.7 2.1 
88 19.6 10.1 7.7 8.5 11.9 1.6 
109 19.1 11.1 5.7 9.8 13.4 1.3 
110 19.0 10.9 7.7 9.7 11.3 1.2 
111 26.5 10.6 17.7 9.4 8.8 1.2 
112 24.3 12.0 13.1 11.7 11.2 0.3 
115 15.3 10.,5 5.6 9. 1 9.7 1.4 
116 17.1 10.7 7.8 9.8 9.3 0.9 
117 17. 5 11. 7 8. 1 10.5 9.4 1.2 
118 21.6 13.8 11.3 10.0 10.3 3.8 
119 18.1 13.4 7.2 10.7 10.9 2.7 
120 18.9 12.5 7.9 8.6 11.0 3.9 
121 19.2 13.6 9.2 10.1 10.0 3.5 
122 20.4 14.0 10.4 10.1 10.0 3.9 
123 23.1 12.2 15.2 8.8 7.9 3.4 
124 17.5 11.1 9.9 9.5 7.6 1.6 
DAY 
1 
2 
10 
12 
13 
15 
15 
17 
19 
22 
2 2  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
34 
36 
37 
39 
40 
41 
42 
43 
44 
44 
45 
46 
50 
50 
51 
52 
53 
34 
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PAB PROCESS CPERATION DATA 
RUN SERIES S-5 
DIAMETER 0.65 MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
I E IC EC IF EF 
*** 16.8 16.4 
*** 19.9 13.2 
*** 15.6 14.3 
*** 10.4 8.6 
*** 14.3 13.5 
*** 12.0 13.8 3.9 5.0 8.1 00
 
00
 
*** 9.5 9.2 
*** 9.5 3.7 1.0 1.4 8.5 2.3 
*** 10.2 4.8 1.2 1.8 9.0 3.0 
*** 14.9 7.9 
14.3 8.6 
*** 8.9 5.9 2.9 5.1 6. 0 0.8 
*** 28.2 18.7 11.5 16.6 16.7 2.1 
17.6 10.4 7.4 8.5 10.2 1.9 
18.7 9.5 7.7 7.7 11.0 1.8 
16.9 7.8 6.5 6.3 10.4 1.5 
18.8 10.3 7.1 8.4 11.7 1.9 
14.0 8.9 5.8 7.1 8.2 1.8 
23.3 11.7 13.1 9.9 10.2 1.8 
11.1 6.4 3.3 3.2 7. 8 3.2 
*** 15.0 9.1 6.4 7.0 8.6 2.1 
*** 10.6 6.6 4.8 5.5 5.8 1.1 
*** 8.6 6.4 2.1 4.9 6.5 1.5 
15.6 8.7 3.4 4.6 12.2 4.1 
*** 8.2 6.5 3.1 3.5 5.1 3.0 
23.5 13.6 12.1 9.8 11.4 3.8 
23.6 13.3 12.7 10.1 10.9 3.2 
22.0 10.7 1C.9 7.0 11. 1 3.7 
14.0 9.7 5.6 7.0 8.4 2.7 
16.8 9. e 8.5 6.6 8.3 3.2 
15.4 8.6 8.0 7.3 7.4 1.3 
15.7 8.1 7.2 6.0 8.5 2.1 
17.7 10.2 8.9 6.6 8.8 3.6 
18.8 9.9 9.5 7.8 9.3 2.1 
*** 18.1 11.8 7.7 6.6 10.4 5.2 
19.0 13.3 9.2 10.3 9. 8 3.0 
18.4 11.7 8.5 9.5 9.9 2.2 
18. 5 9. 8 8.2 8.1 10.3 1.7 
22.3 10.C 11.0 7.8 11.3 2.2 
21#? 1C » 7 12.4 o c p _ c, 1.2 
*** 12.7 9. 5 6.0 8.4 6. 7 1.1 
187 
PAB PROCESS OPERATION DATA 
RUN SERIES S-5 
DIAMETER 0.65 MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GRAMS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
60 27.3 10.8 17.0 8.5 10.3 2.3 
61 *** 22.9 21.8 10.1 9.0 12.8 12.8 
62 17.3 9.4 8.4 7.6 8.9 1.8 
63 16.5 7.7 7.6 6.6 8.9 1.1 
64 18. 5 10.4 8.4 9.0 10.1 1.4 
65 20.6 10.7 10.5 9.5 10.1 1.2 
66 31.9 15.2 15.7 13.0 16.2 2.2 
67 *** 18.0 8.9 10.7 7.8 7.3 l.l 
68 11.9 6.5 6.3 5.5 5.6 1.0 
69 18.2 11.4 7.9 10.4 10.3 1.0 
71 17.1 8.9 8.0 7.5 9.1 1.4 
72 *** 17.7 11.2 8.3 9.4 9.4 1.8 
73 23.0 15.1 11.9 13.8 11. 1 1.3 
74 18.6 10.3 8.8 8.2 9.8 2.1 
76 10.9 9.5 5.6 9.1 5.3 0.4 
77 »** 15.3 8.6 6.6 7.3 8.7 1.3 
78 *** 15.1 8.0 7.1 6.8 8.0 1.2 
79 *** 9.9 6.4 4.7 5.9 5.2 0.5 
81 *** 17.7 10.7 7.0 9.1 10.7 1.6 
83 17.4 9.0 6.5 7.4 10.9 1.6 
84 14.3 8.1 6.5 7.4 7.8 0.7 
85 16.1 8.9 5.7 8.2 10.4 0.7 
86 20.9 12.9 7.6 11.0 13.3 1.9 
87 20.6 13.6 6.9 12.0 13.7 1.6 
88 19.6 10.9 7.7 9.4 11.9 1.5 
109 19.1 10.7 5.7 9.5 13.4 1.2 
110 19.0 10.5 7.7 9.3 11.3 1.2 
111 26.5 11.5 17.7 10.0 8.8 1.5 
112 24.3 11.4 13.1 10.9 11.2 0.5 
115 15.3 10.1 5.6 8.9 9.7 1.2 
116 17. 1 9.5 7.8 8.3 9.3 1.2 
117 17.5 10.7 8.1 9.2 9.4 1.5 
118 21.6 13.5 11.3 9.8 10.3 3.7 
119 18. 1 12.9 7.2 10.8 10.9 2.1 
120 18.9 12.9 7i9 10.4 11.0 2.5 
121 19.2 13.6 9.2 10.6 10.0 3.0 
122 20.4 13.6 1C.4 9.3 10.0 4.3 
123 23.1 12.8 15.2 9.0 7,9 3.8 
124 17.5 11.3 9.9 9.9 7.6 1.4 
188 
PAS PROCESS OPERATION DATA 
RUN SERIES P-2 
DIAMETER 0.6? MM 
DEPTH 36.00 INCHES 
DENSITY 2.69 GR4MS/CC 
MEDIA SAND 
DAY I E IC EC IF EF 
1 22.7 22.0 0.8 2.8 21.9 19. 
3 6.5 5.4 2.5 2.1 4.0 3. 
4 14.7 8.7 8. 1 3.8 6.6 4. 
5 14.6 8.7 6.5 2.4 8.1 6. 
6 17.9 10.3 9.6 3.8 8.3 6 . 
7 6.7 5.3 0.0 0.6 6.7 4. 
8 15.5 9.0 7.6 4.2 7.9 4. 
13 15.0 8. 8 8.3 2.3 6.7 6. 
14 33.0 17.9 26.5 11.5 6.5 6. 
15 16.0 10.0 10.7 4.6 5.3 5. 
18 17.7 7.0 12.7 2. 5 5.0 4. 
19 29.6 12.0 22.7 5.8 6.9 6. 
20 40. 1 15.5 30.4 4.7 9.7 10. 
21 35.7 11.0 26.5 2.0 9.2 9. 
22 31.0 9.5 24.1 2.8 6.9 6. 
25 19.8 7.5 14.0 2.5 5. 8 5. 
26 16.8 10.3 9.8 4.0 7.0 6. 
27 26.0 7.5 20.4 2.1 5.6 5. 
28 18.9 7.9 13.3 3.5 5. 6 4. 
29 21.5 8.4 14.8 2.7 6.7 5. 
32 22.2 7. 8 17.0 3.3 5.2 4. 
33 23.3 7.8 18.1 2.9 5.2 4. 
34 22.9 8.4 18.5 4.3 4.4 4. 
35 18.3 8.4 13.6 4.2 4.7 4. 
36 15.8 7.2 11.4 3.4 4.4 3. 
41 22.2 10.9 15.4 5.1 6.8 5. 
42 38.4 13.9 30.6 7.0 7. a 6. 
43 50.5 12.8 41.9 6.0 8.6 6. 
47 47. 1 11.8 37.3 4.8 9.8 7. 
48 55.4 11.0 49.2 4.8 6. 2 6. 
49 36.2 9.0 29.4 2.7 6.8 6. 
50 28.8 10.8 22.2 5.5 6.6 5. 
2 
3 
9 
3 
5 
7 
8 
5 
4 
4 
5 
2 
8 
0 
7 
0 
3 
4 
4 
7 
5 
9 
1 
2 
8 
8 
9 
8 
G 
2 
3 
3 
189 
APPENDIX B 
Hydraulic Data 
DAY 
3 
7 
8 
9 
14 
17 
2 1  
2 2  
23 
25 
2 8  
31 
32 
34 
35 
36 
37 
38 
39 
42 
43 
44 
45 
46 
49 
50 
51 
52 
190 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSA-1 
WASTEWATER AIR 
GPM/SQ FT CFM/SQ FT 
1.92 1.25 
1.87 1.25 
1. 75 1.25 
2.01 1.25 
1.93 1.25 
1.85 1.25 
1.96 1.25 
1.93 1.25 
2.01 1.25 
2.01 0.65 
2.01 0.65 
2.01 0.65 
2.18 0.65 
2.18 0.65 
2.18 0.65 
2. 18 0.65 
2.18 0.65 
2.18 0.65 
2. 18 0.65 
2.20 0.65 
2.06 0.65 
2.06 0.65 
2.06 0.65 
2.06 0.65 
2.06 0.65 
2.06 0.65 
2. 06 0.65 
2.06 0.65 
2.06 0.65 
HEADLOSS 
FT 
1.02 
0.72 
191 
PAB PROCESS OPERATION DATA 
HYDRAU.IC DATA 
MSA-2 
WASTtwATER AIR 
DAY GPM/SQ FT CFM/SQ FT 
7 2.01 1.00 
8 2.00 1.00 
9 2.01 1.00 
17 2.00 1.00 
21 1.86 1.00 
22 1.86 1.00 
23 2.02 1.00 
25 2.02 0.49 
28 2.02 0.49 
31 2.02 0.49 
32 2.10 0.49 
34 2.10 0.49 
35 2.10 0.49 
36 2.10 0.49 
37 2. 10 0.49 
38 2.10 0.49 
39 2.10 0.49 
42 2.06 0.49 
43 2.06 0.49 
44 2.06 0.49 
45 2.06 0.49 
46 2.06 0.49 
49 2.06 0.49 
50 2.06 0.49 
51 2.06 0.49 
52 2.06 0.49 
53 2.05 0.49 
192 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSA-3 
WASTEWATER AIR HEADLOSS 
DAY GPM/SQ FT CFM/SQ FT FT 
7 2.22 1.05 1.21 
8 2.04 1.05 1.41 
9 1.96 1.05 
14 1.97 1.05 
DAY 
25 
28 
31 
32 
34 
35 
36 
37 
38 
39 
42 
43 
44 
45 
46 
49 
5C 
51 
52 
193 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSA-3A 
WASTEWATER AIR 
GPM/SQ FT CFM/SQ FT 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.03 1.05 
2.00 1.05 
2.00 1.05 
2.00 1.05 
2.CO 1.05 
2.00 1.05 
2.00 1.05 
2.00 1.05 
2.00 1.05 
2.00 1.05 
2.00 1.05 
DAY 
3 
7 
9 
14 
17 
2 1  
22 
23 
25 
28 
31 
32 
34 
35 
194 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSA-4 
WASTEWATER AIR HEADLOSS 
GPM/SQ FT CFM/SQ FT FT 
2.07 0.79 
1.95 0.79 0.62 
2.00 0.79 
2.01 0.79 
2.03 0.79 
2.03 0.79 
2.02 0.79 
2.02 0.79 
2.02 0.79 
2.02 0.79 
2.02 0.79 
1.93 0.79 
1.93 0.79 
1.93 0.79 
DAY 
8 
10 
14 
17 
18  
21 
22 
23 
25 
28 
31 
32 
34 
35 
36 
37 
38 
39 
42 
43 
44 
45 
46 
49 
50 
51 
52 
53 
195 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSA-5 
WASTEhATER AIR 
GPM/SQ FT CFM/SQ FT 
2.00 0.98 
1.93 0.98 
1.98 0.98 
1.69 C.98 
2.02 0.98 
2.02 0.98 
2.00 0.98 
2.00 0.98 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
2.00 0.49 
1.96 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0.49 
2.07 0 .49 
196 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSB-1 
WASTEWATER AIR HEADLGSS 
DAY GPM/SQ FT CFM/SQ FT FT 
17 1.97 2.72 
22 1.97 2.72 
32 1.97 2.72 
38 2.00 2.72 
43 2.00 2.72 
44 2.00 1.18 1.87 
45 2.00 0.91 1.97 
52 2.00 0.91 
53 2.00 0.91 
58 2.00 0.91 
60 2.00 0.91 
63 2.00 2.18 
63 2.00 2.18 
64 2.00 2.18 
67 2.00 2.18 1.48 
71 2.00 2.18 
DAY 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
197 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSB-2 
WASTEWATER 
GPM/SQ FT 
2.00 
2 . 0 0  
2 . 0 0  
2 .00  
2 . 0 0  
2.00  
2.00 
2.00  
2 . 0 0  
2 . 0 0  
2.CO 
1.21 
AIR 
CFM/SQ FT 
2.63 
2.62 
2.63 
1 . 1 8  
0.03 
0.91 
0.91 
0.91 
2 . 1 8  
2 . 1 8  
2 . 1 8  
2 . 1 8  
HEADLDSS 
FT 
2.85 
1.84 
DAY 
17 
22 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
198 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSB-3 
WASTEWATER AIR HfcADLCSS 
GPM/SQ FT CFM/SQ FT FT 
1.95 0.91 
1.95 0.91 
1.97 0.91 
1.95 0.91 
1.95 0.91 
1.95 1.00 1.25 
1.95 1.00 
1.95 0.91 
1.95 C.91 
1.95 0.91 
1.95 1.00 
1.95 1.00 
1.95 1.00 0.92 
1.95 1.00 
DAY 
17 
22 
32 
38 
43 
44 
45 
52 
58 
60 
63 
64 
67 
71 
199 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSB-4 
WASTEWATER AIR HtADLCSS 
GPM/SQ FT CFM/SQ FT FT 
2.02 0.91 
2.02 0.91 
2.02  0.91 
1.91 0.91 
1.91 0.91 
1.91 0.91 1.08 
1.91 0.91 1.18 
1.91 0.91 
1.91 0.91 
1.91 0.91 
1.91 1.36 
1.91 1.36 
1.91 1.36 
1.91 1.36 
200 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
MSB-5  
WASTEWATER AIR HEADLCSS 
DAY GPM/SQ FT CFM/SQ FT FT 
17  2 .02  1 .34  
22  2 .02  1 .34  
32  1 .96  1 .34  
38  1 .95  1 .34  
43  1 .95  1 .34  0 .82  
44  1 .95  1 .49  0 .82  
45  1 .95  1 .49  
52  1 .95  1 .49  
58  1 .95  1 .49  
60  1 .95  1 .64  
63  1 .95  1 .64  
64  1 .95  1 .64  
67  1 .95  1 .64  
71  1 .95  1 .64  
201 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S -1  
WASTEWATER AIR HcADLOSS 
DAY GPM/SQ FT CFM/SQ FT FT 
1  2 .00  0 .45  0 .92  
2  2 .00  0 .45  
10  2 .00  0 .45  
12  2 .00  0 .45  
13  2 .00  0 .45  
15  2 .00  0 .45  1 .77  
15  2 .00  0 .45  
17  2 .00  0 .45  
19  2 .00  0 .45  
22  2 .00  0 .45  
22  2 .00  0 .45  
22  2 .00  0 .45  
23  2 .00  0 .91  
24  2 .00  0 .91  
25  2 .00  0 .91  
26  2 .00  0 .91  
27  2 .01  0 .91  1 .97  
28  1 .95  0 .91  1 .  84  
29  1 .95  0 .91  
30  1 .95  0 .91  1 .84  
31  1 .95  0 .91  
32  1 .95  0 .91  
34  1 .85  0 .91  
36  1 .85  0 .91  1 .41  
37  1 .85  0 .91  
39  1 .85  0 .91  
40  1 .85  0 .91  
41  1 .85  0 .91  
42  1 .85  0 .91  
43  1 .85  0 .91  
44  2 .02  0 .91  1 .71  
44  2 .02  0 .45  
45  2 .02  0 .45  1 .97  
46  2 .02  0 .45  2 .03  
50  2 .02  0 .91  
50  2 .02  0 .91  
51  2 .02  0 .91  1 .  64  
52  2 .02  0 .45  1 .80  
53  2 .02  0 .45  2 .23  
54  2 .09  i 0 .45  
202 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-1  
WASTEWATER AIR HEADLDSS 
DAY GPM/SQ FT CFM/SQ FT FT 
57  2 .09  0 .45  
58  2 .09  0 .45  
59  2 .09  0 .45  2 .  10  
60  2 .09  0 .45  
61  2 .09  0 .45  1 .97  
62  2 .09  0 .23  2 .33  
63  2 .09  0 .23  2 .13  
64  2 .09  0 .23  2 .2b  
65  2 .09  0 .23  
66  2 .09  0 .23  
67  2 .09  0 .23  
68  2 .09  0 .23  2 .36  
69  2 .09  0 .23  2 .43  
71  2 .09  0 .23  2 .  66  
72  2 .09  0 .65  2 .6% 
73  2 .09  0 .65  
74  2 .09  0 .65  
76  2 .09  0 .65  
77  2 .09  0 .65  2 .  40  
78  2 .09  0 .65  
79  2 .09  0 .65  
81  2 .09  0 .65  
83  2 .09  0 .65  
84  2 .09  0 .65  
85  2 .09  0 .65  1 .71  
86  2 .09  0 .65  
87  2 .09  0 .65  
88  2 .09  0 .65  
109  2 .09  0 .65  1  .80  
110  2 .09  0 .65  
111  2 .09  0 .65  
112  2 .09  0 .65  
115  2 .09  0 .65  
116  2 .09  0 .65  
117  2 .09  0 .65  2 .  13  
118  3 .36  0 .65  3 .44  
119  3 .36  0 .65  3 .44  
120  3 .36  0 .65  3 .44  
121  3 .36  0 .65  
122  3 .36  0 .65  3 .48  
123  3 .36  0 .65  
124  3 .36  G .65  3 .51  
DAY 
1 
2 
1 0  
12 
13  
15  
17  
19  
22 
22 
22 
23  
24 
25  
26 
27  
28 
29  
30  
31  
32  
34  
36  
37  
39  
40  
41  
42  
43  
44  
44  
45  
46  
50  
50  
51  
52  
53  
54  
57  
203 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-2  
WASTEWATER AIR HEADLO 
GPM/SQ FT CFM/SQ FT FT 
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .4^3  
1 .93  0 .45  
1 .93  0 .45  1 .77  
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .45  
1 .93  0 .91  
1 .93  0 .91  
1 .93  0 .91  
1 .93  0 .91  2 .20  
1 .95  0 .91  2 .36  
1 .97  0 .91  
1 .97  0 .91  2 .33  
1 .97  0 .91  
1 .97  0 .91  
1 .97  0 .91  
1 .86  0 .91  
1 .86  0 .91  2 .40  
1 .86  0 .91  
1 .86  0 .91  
1 .86  0 .91  
1 .86  0 .91  
1 .86  0 .91  
1 .86  0 .91  3 .05  
2 .08  0 .91  
2 .08  0 .45  
2 .08  0 .45  
2 .08  0 .45  
2 .08  0 .91  
2 .08  0 .91  
2 .08  0 .91  2 .62  
2 .08  0 .45  2 .79  
2 .08  0 .45  2 .99  
2 .08  0 .45  
2 .08  0 .45  
DAY 
58  
59  
60 
6 1  
62 
63  
64  
65  
66 
67  
68 
69  
71  
72  
73  
74  
76  
77  
78  
79  
8 1  
83  
84  
85  
86 
87  
88 
109  
110 
1 1 1  
112 
115  
1 1 6  
117  
118  
119  
120 
1 2 1  
122  
123  
204 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-2  
WASTEWATER AIR HEADLOSS 
GPM/SQ FT CFM/SQ FT FT 
2 .08  0 .45  
2 .08  0 .45  2 .99  
2 .08  0 .45  
2 .08  0 .45  2 .92  
2 .08  0 .08  3 .38  
2 .08  0 .08  3 .48  
2 .08  0 .08  3 .61  
2 .08  0 .08  
2 .08  0 .08  
2 .08  0 .08  
2 .08  0 .08  3 .  71  
2 .08  0 .08  3 .64  
2 .08  0 .08  3 .67  
2 .08  0 .16  3 .48  
2 .08  0 .16  
2 .08  0 .  16  
2 .08  0 .16  
2 .08  0 .16  3 .38  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  3 .05  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  3 .3b  
2 .08  0 .16  3 .41  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  
2 .08  0 .16  3 .35  
3 .31  0 .16  3 .97  
3 .31  0 .16  3 .87  
3 .31  0 .16  
3 .31  0 .16  
3 .31  0 .16  o
 
o
 
3 . 31  0 .  16  
3 .31  0 .16  3 .94  
DAY 
1 
2 
10 
12 
13  
15  
15  
17  
19  
20 
22 
22 
22 
23  
24  
25  
26 
27  
28 
29  
30  
31  
32  
34  
36  
37  
39  
40  
41  
42  
43  
44  
44  
45  
46  
50  
50  
52  
53  
205 
PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-3  
WASTEWATER AIR HEADLOSS 
GPM/SQ FT CFM/SQ FT FT 
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  2 .03  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .91  
1 .95  0 .91  
1 .95  0 .91  
1 .95  0 .91  
1 .84  0 .91  1 .54  
1 .9o  0 .91  2 .17  
1 .96  0 .91  
1 .96  0 .91  1 .31  
1 .96  0 .91  
1 .96  0 .91  
1 .81  0 .91  1  .48  
1 .81  C.91  1 .  51  
1 .81  0 .91  
1 .81  0 .91  
1 .81  0 .91  
1 .81  0 .91  
1 .81  0 .91  
1 .81  0 .91  
1 .97  0 .91  1 .64  
1 .97  0 .45  
1 .97  0 .45  
1 .97  0 .45  
1 .97  0 .91  
1 .97  0 .91  1 .80  
1 .97  0 .45  1 .97  
1 .97  0 .45  2 .30  
2 .04  0 .45  
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PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-3 
WASTEWATER AIR HEADLOSS 
DAY GPM/SQ FT CFM/SQ FT FT 
57 2.04 0.45 
56 2.04 0.45 
59 2.04 0.52 1. 94 
60 2.04 0.52 
61 2.04 0.52 1.84 
62 2.04 0.52 1.84 
63 2. 04 0.52 1.77 
64 2.04 0.52 1.90 
65 2.04 0.52 
66 2.04 0.52 
67 2.04 0.52 
68 2.04 0.52 1.80 
69 2.04 0.52 1.97 
71 2.04 0.52 1.94 
72 2.04 1.52 1.31 
73 2.04 1.52 
74 2.04 1.52 
76 2.04 1.52 
77 2.04 1.52 1.28 
78 2.04 1.52 
79 2.04 1.52 
81 2.04 1.52 
83 2.04 1.52 
84 2.04 1.52 
85 2.04 1.52 1.18 
86 2.04 1.52 
87 2.04 1.52 
88 2.04 1.52 
109 2.04 1.52 
110 2.04 1.52 
111 2.04 1.52 
112 2.04 1.52 
115 2.04 1.52 
116 2.04 1.52 
117 2.04 1.52 
118 3.36 1.52 2.17 
119 3.36 1.52 2.20 
120 3.36 1.52 
121 3.36 1.52 
122 3.36 1.52 2.33 
123 3.36 1.52 
12''i 3. 2b IrS? 2.30 
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PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-4  
WASTEWATER AIR HEADLCSS 
DAY GPM/SQ FT CFM/SQ FT FT 
1  1 .93  0 .45  
2  1 .93  0 .45  
10  1 .93  0 .45  
12  1 .93  0 .45  
13  1 .93  0 .45  
15  1 .93  0 .45  2 .13  
15  1 .93  0 .45  
17  1 .93  0 .45  
19  1 .93  0 .45  
22  1 .93  0 .45  
22  1 .93  0 .45  
22  1 .93  0 .45  
23  1 .93  0 .45  
24  1 .93  0 .91  
25  1 .93  0 .91  
26  1 .93  0 .91  
27  1 .93  0 .91  
28  1 .89  0 .91  2 .07  
29  1 .93  0 .91  2 .23  
30  1 .93  0 .91  2 .33  
31  1 .93  0 .91  
32  1 .93  0 .91  
34  1 .79  0 .91  2 .07  
36  1 .79  0 .91  1 .97  
37  1 .79  0 .91  
39  1 .79  0 .91  
40  1 .79  0 .91  
41  1 .79  0 .91  
42  1 .79  0 .91  
43  1 .79  0 .91  
44  1 .91  0 .91  2 .3b  
44  1 .91  0 .45  
45  1 .91  0 .45  
46  1 .91  0 .45  
50  1 .91  0 .91  
50  1 .91  0 .91  
51  1 .91  0 .91  1 .  97  
52  1 .91  0 .45  2 .3G 
53  1 .91  0 .45  2 .66  
54  1 .95  0 .45  
DAY 
57  
58  
59  
60 
61 
62 
63  
64  
65  
66 
67  
68 
69  
71  
72  
73  
74  
76  
77  
78  
79  
8 1  
82 
83  
84  
85  
86 
87  
88 
109  
110 
111 
112  
115  
116 
117  
1 1 8  
119  
120 
1 2 1  
122  
123  
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PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-4  
WASTEWATER AIR HEADLOSS 
GPM/SQ FT CFM/SQ FT FT 
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  
1 .95  0 .45  2 .56  
1 .95  0 .45  2 .30  
1 .95  0 .12  2 .  79  
1 .95  0 .12  2 .82  
1 .95  0 .12  2 .95  
1 .95  0 .  12  
1 .95  0 .12  
1 .95  0 .12  
1 .95  0 .12  3 .02  
1 .95  0 .12  
1 .95  0 .  12  3 .  15  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  2 .69  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  2 .62  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  2  .76  
1 .95  0 .32  2 .  76  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  
1 .95  0 .32  ? .  76  
3 .25  0 .32  3 .94  
3 .25  0 .32  
3 .25  0 .32  
3 .25  0 .32  
3 .25  0 .32  3 .94  
3 .25  G .32  
3 .25  0 .32  3 .  81  
DAY 
1 
2 
10 
12 
13  
15  
15  
17  
19  
2 2  
22 
2 2  
23  
24  
25  
26 
27  
28 
29  
30  
31  
32  
34  
36  
37  
39  
40  
41  
42  
43  
44  
44  
45  
46  
50  
50  
51  
52  
53  
54  
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PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-5  
WASTEWATER AIR HEAOLOSS 
GPM/SQ FT CFM/SQ FT FT 
1 .96  0 .74  1 .64  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  2 .  03  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  0 .74  
1 .96  1 .12  
1 .96  1 .12  
1 .96  1 .12  
1 .96  1 .  12  
1 .96  1 .12  
1 .86  1 .12  1 .97  
1 .96  1 .12  2 .20  
1 .96  1 .12  2 .13  
1 .96  1 .12  
1 .96  1 .12  
1 .91  1 .12  1 .67  
1 .91  1 .  12  2 .00  
1 .91  1 .12  
1 .91  1 .12  
1 .91  1 .12  
1 .91  1 .12  
1 .91  1 .12  
2 .03  1 .12  2 .30  
2 .03  1 .12  
2 .03  0 .74  
2 .03  0 .74  
2 .03  0 .  74  
2 .03  0 .74  
2 .03  0 .74  
2 .03  0 .74  1 .80  
2 .03  0 .74  2 .40  
2 .03  0 .74  2 .20  
1 .85  0 .74  
DAY 
57  
58  
59  
60 
6 1  
6Z  
63  
64  
65  
66 
67  
68 
69  
71  
72  
73  
74  
76  
77  
78  
79  
8 1  
83  
84  
85  
86 
87  
88 
109  
110 
1 1 1  
1 1 2  
115  
116 
117  
1 1 8  
119  
1 2 0  
1 2 1  
122  
123  
124  
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PAB PROCESS OPERATION DATA 
HYDRAULIC DATA 
S-5  
WASTEWATER AIR HcADLCSS 
GPM/SQ FT CFM/SQ FT FT 
1 .85  0 .74  
1 .85  0 .74  
1 .85  0 .74  2 .20  
1 .85  0 .  74  
1 .85  0 .74  2 .30  
1 .85  0 .  12  2 .  76  
1 .85  0 .12  2 .79  
1 .85  0 .12  2 .92  
1 .85  0 .  12  
1 .85  0 .12  
1 .85  0 .12  
1 .85  0 .  12  3 .22  
1 .85  0 .12  3 .02  
1 .85  0 .  12  3 .28  
1 .85  0 .32  2 .  85  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  2 .99  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  2 .69  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  3 .  02  
1 .85  0 .32  2 .76  
1 .85  0 .32  
1 .85  0 .3?  
1 .  85  0 .32  
1 .85  0 .32  
1 .85  0 .32  
1 .85  0 .32  2 .76  
3 .33  0 .32  3 .  81  
3 .33  0 .32  3 .71  
3 .33  0 .32  
3 .33  0 .32  
3 .33  0 .32  3 .74  
3 .33  0 .32  
5 .35  G • Je  o nn  
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PAS PROCESS OPERATION DATA 
HYDRAULIC DATA 
P-2 
WASTEWATER AIR HEADLOSS 
DAY GPM/SO FT CFM/SQ FT FT 
I  1 .50  0 .20  
3  0 .93  0 .20  2 .88  
4  1 .36  0 .20  3 .  13  
5  1 .50  0 .20  4 .09  
6  1 .34  0 .20  2 .99  
7  1 .50  0 .20  2 .36  
8  1 .50  0 .20  
13  1 .50  0 .20  
14  1 .50  0 .20  
15  1 .50  0 .20  
18  1 .50  0 .20  
19  1 .50  0 .20  
20  1 .50  0 .20  
21  1 .50  0 .20  
22  1 .50  0 .20  
25  1 .50  0 .20  
26  1 .50  0 .20  
27  1 .50  0 .  20  
28  1 .50  0 .20  
29  1 .  50  0 .20  
32  1 .50  0 .20  
33  1 .25  0 .20  
34  1 .25  0 .20  
35  1 .25  0 .20  4 .51  
36  1 .25  0 .20  3 .93  
40  1 .15  0 .20  4 .74  
41  1 .15  0 .20  4 .74  
42  1 .15  0 .20  4 .28  
43  1 .15  0 .20  3 .93  
46  1 .36  0 .20  3 .58  
47  1 .36  0 .20  3 .70  
48  1 .36  0 .20  4 .  74  
49  1 .10  0 .20  4 .16  
50  1  . 10  0 .20  4 .16  
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APPENDIX C 
Miscellaneous Data 
The following definitions and abbreviations apply to this appendix: 
I Influent concentration, mg/l 
E Effluent concentration, mg/1 
P04 Phosphate concentration, mg/l as PO^ 
NH3-N Ammonia concentration, mg/1 as N 
N03-N Nitrate concentration, mg/1 as N 
OXYGEN Dissolved oxygen concentration, mg/1 
213 
PAR PRnrpSS npcRATinN nftTA 
MTSr.FLL ANFHUS OAT A 
MSA-SFDTFS 
pn4  
-N Nn3 -N OXYGFN 
MG/L MG/L MG/L MG/L 
)AY UNÎT T F  T F  Î  F  T F  
24  MSA-1  25 .  20  18 .  30  23 .00  28 .  60  8 .40  8 .  25  7 .9?  6 .  48  
37  MSA-l  28 .  75  28 .  00  9 .92  9 .  25  4 .28  10 .  10  
24  MS A-2  25 .  20  20 .  20  23 .00  17 .  60  8 .40  7 .  38  7 .92  5 .  52  
^7  MSA-2  28 .  28 .  75  9 .92  9 .  96  4 .28  8 .  86  
24  MSA-3A 25 .  20  20 .  10  21 .00  16 .  70  8 .40  8 .  25  7 .9?  5 .  42  
36  MSA-3A 28 .  7^  28 .  75  9 .9?  10 .  50  4 .28  9 .  30  
24  MSA-4  25 .  ?n  20 .  20  23 .00  18 .  90  8 .40  B.  2?  7 .92  6 .  06  
24  MSA-5  25 .  20  20 .  30  23 .00  17 .  10  8 .40  7 .  6P  7 .Q2 3 .  42  
37  MSA-5  28 .  75  28 .  30  9 .92  10 .  12  4 .28  8  .  IB 3 .82  3 .  01  
45  MSA-5  31 .  20  30 .  60  6 .51  2 .  f^2  
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P&B PROCESS noPRATinN n&TA 
MISCELLA' 'E ' ' i ! j ;v  n&T A 
MSB'  
pn4 
MG/L 
DAY UNJTT \ F 
71  MSB-1  50 .  00  40 .  
71  MSB-2  50 .  00  
71  MSB-3  50 .  00  40 .  
71  MSB-4  50 .  00  63 .  
71  MSB-5  50 .  00  46 .  
NH3-N NOl-N 
MG/L  MG/L  
T F  T F  
no  17 .30  16 .40  14 .10  13 .qn  
00  17 .30  16 .40  14 .10  16 .^0  
00  17 .30  16 .60  14 .10  1^ .4^  
00  17 .30  16 .60  14 .10  18 .40  
00  17 .30  15 .10  14 .10  15 .40  
OXYGEN 
MG/L 
T F  
4 .50  7 .KQ 
4 .5f^  7 .20  
4 .50  5 .50  
4 .50  6 .30  
4 .50  5 .65  
DAY 
12 
17  
23  
2b 
30  
32  
37  
39  
44  
53  
59  
6 1  
65  
66 
68 
71  
79  
8a 
115  
116 
117  
1 2 2  
123  
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PAB PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
S-1  
PQ4 NH3-N N03-N OXYGEN 
MG/L MG/L MG/L MG/L 
I  E  I  E  I  E  I  E  
5 .35  B.b5  
16 .40  15 .80  11 .90  11 .60  6 .30  6 .00806 .80  4 .80  
40 .80  40 .80  16 .12  14 .75  
7 .10  5 .50  
6 .80  7 .  70  
6 .15  6 .93  
27 .  85  27 .  80  18 .  30  17 .  90  8 .  38  7 .  75  
16 .  00  15 .  88  10 .  40  11 .  20  4 .  00  4 .  75  
9 .  62  11 .  80  6 .  60  6 .  55  4 .  69  3 .  94  
9 .  28  9 .  40  7 .  40  6 .  65  2 .  71  2 .  36  
34 .  50  35 .  80  21 .  28  21 .  00  12 .  25  14 .  13  
9 .  28  9 .  40  15 .  20  14 .  30  5 .  68  6 .  68  
10 .  60  8 .  35  3 .  94  3 .  94  25 .  00  24 .  80  
23 .  50  23 .  50  17 .  40  16 .  40  9 .  48  9 .  58  
35 .  00  33 .  00  20 .  70  20 .  80  14 .  00  13 .  40  
34 .  10  34 .  10  24 .  20  24 .  60  8 .  44  10 .  25  
18 .  00  18 .  60  9 .  70  11 .  40  6 .  88  5 .  85  
25 .  00  24 .  50  15 .  60  16 .  20  11 .  25  8 .  19  
17 .  60  18 .  00  8 .  99  9 .  38  7 .  65  3 .  75  
19 .  25  18 .  25  17 .  95  18 .  65  9 .  20  10 .  50  
6 .  30  23 .  10  
25 .  85  27 .  08  17 .  61  17 .  05  11 .  12  9 .  56  
15 .  14  18 .  22  9 .  68  9 .  76  4 .  88  4 .  36  
30 .  15  30 .  77  19 .  55  9 .  31  6 .  90  26 .  90  
26 .  76  25 .  84  17 .  33  16 .  07  8 .  50  9 .  80  
27 .  07  25 .  86  15 .  51  14 .  95  4 .  35  12 .  90  
6 .63  2 .96  
6 .45  4 .54  
5 .91  0 .42  
DAY 
12 
17  
23  
25  
30  
32  
37  
39  
44  
53  
59  
6 1  
65  
66 
68 
71  
79  
88 
115  
116 
117  
122 
123  
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PAB PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
S-2  
P04  NH3-N N03-N  
MG/L MG/L MG/L 
I  E I  E  I  fc  
16 .40  
40 .00  
27 .85  
16 .00  
9 .62  
9 .28  
34 .50  
9 .28  
10.60 
23 .50  
35 .00  
14 .80  
40 .80  
27 .35  
15 .80  
10.00  
9 .52  
55 ,00  
9 .52  
9 .00  
23 .50  
33 .00  
11 .90  
18 .30  
10 .40  
6.  60 
7 .40  
2 1 . 2 8  
15 .  20  
3 .74  
17 .40  
20 .70  
1 2 . 0 0  
17 .90  
1 1 . 2 0  
6 .45  
6 .65  
21 .56  
13 .60  
3 .93  
17 .00  
2 1 . 1 0  
OXYGEN 
MG/L 
I  E  
5 .35  8 .95  
6 .80  6 .98  
34 .  10  
18.00 
25 .00  
17 .60  
19 .25  
25 .85  
15 .14  
30 .  15  
26 .76  
27 .07  
39 .30  
18.00 
24 .50  
17 .60  
19 .50  
25 .85  
15 .14  
29 .54  
24 .92  
27 .08  
24 .20  
9 .70  
15 .60  
8 .99  
17 .95  
17 .61  
9 .68  
19 .55  
17 .33  
15 .51  
24 .40  
1 1 . 2 0  
1 6 . 2 0  
1 0 . 2 8  
17 .24  
17 .33  
9 .90  
15 .76  
16 .35  
15 .65  
6 .30  
1 6 . 1 2  
8 .38  
4 .00  
4 .69  
2 .71  
12 .25  
5 .68  
25 .00  
9 .48  
14 .00  
8 .44  
6 . 8 8  
11 .25  
7 .65  
9 .20  
6 .30  
1 1 . 1 2  
4 .88  
6 .90  
8 .50  
4 .35  
6 .30  
14 .00  
10. 00 
4 .63  
4 .31  
2 .38  
14 .13  
6.06 
25 .00  
10 .69  
13 .90  
4 .81  
5 .48  
7 .69  
4 .  03  
6 .90  
9 .50  
8 .64  
5 .40  
15 .66  
8.60 
19 .80  
7 .  10  
6.80 
6.15 
6 .63  
6.45 
5.91 
4 .  80  
6 .40  
5.10 
1.02 
0.93 
C .  31  
DAY 
12 
17  
23  
25  
30  
32  
37  
39 
44  
53  
59  
6 1  
65  
66 
68 
71  
79  
88 
115  
116 
117  
122 
123  
217 
PAB PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
S-3  
P04  NH3-N N03-N OXYGEN 
MG/L MG/L MG/L MG/L 
I  E  I  E  I  E  I  E 
5 .35  6 .  05  
16 .40  15 .20  11 .90  11 .45  6 .30  6 .  10  6 .80  5 .  84  
40 .00  39 .80  16 .12  17 .50  
27 .85  28 .35  18 .30  17 .65  8 .38  8 .00  7 .10  6 .  50  
16 .00  15 .88  10 .40  11 .20  4 .00  3 .25  6 .  80  fe. 20  
9 .62  9 .60  6 .60  6 .50  4 .69  4 .32  
9 .28  9 .88  7 .40  7 .80  2 .71  2 .38  
34 .50  35 .80  21 .28  21 .56  12 .25  14 .25  
9 .28  9 .88  15 .20  13 .00  5 .68  5 .68  6 .15  7 .  08  
10 .60  6 .00  3 .94  4 .30  25 .00  24 .  80  
23 .50  23 .00  17 .40  15 .20  9 .48  9 .  14  
35 .00  33 .20  20 .70  20 .00  14 .  00  12 .  80  
6 .63  5 .  59  
34 .10  36 .00  24 .20  20 .40  8 .44  9 .63  
18 .00  18 .00  9 .70  11 .20  6 .88  8 .  56  
25 .00  24 .40  15 .60  16 .90  11 .25  10 .94  
17 .60  17 .60  8 .99  9 .38  7 .65  4 .30  
19 .25  28 .00  17 .95  18 .56  9 .20  11 .60  6 .45  7 .  30  
6 .30  40 .50  
25 .85  27 .69  17 .61  19 .01  11 .12  10 .92  
15 .14  15 .14  9 .68  9 .34  4 .88  5 .00  
30 .15  29 .54  19 .55  3 .70  6 .90  32 .40  5 .91  2 .  72  
26 .76  23 .99  17 .33  15 .65  8 .50  9 .20  
27 .07  27 .08  15 .51  15 .09  4 .35  16 .30  
12 
17  
23  
25  
30  
32  
37  
39  
44  
53  
59  
61 
65  
66 
68 
71  
79  
88 
116 
117  
122  
123  
218 
PAB PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
S-4  
P04  
MG/L 
I  E 
NH3-N 
MG/L 
I  E  
N03-N 
MG/L 
I  E 
OXYGfcN 
MG/L 
I  E  
5 .35  fc .60  
16 .40  14 .80  11 .90  12 .40  6 .30  6 .  12  6 .  80  5 .  98  
40 .00  40 .00  16 .12  17 .  00  
27 .85  27 .75  18 .30  17 .50  8 .38  10 .  75  7 .  10  5 .  30  
16 .00  15 .84  10 .40  11 .15  4 .00  4 .  00  6 .  80  6 .  90  
9 .62  9 .60  6 .60  6 .65  4 .69  4 .  31  
9 .28  9 .20  7 .40  6 .70  2 .71  2 .  38  
34 .50  35 .00  21 .28  21 .  84  12 .25  14 .  13  
9 .28  9 .20  15 .20  14 .70  5 .68  <3.  40  6 .  15  6 .  79  
10 .60  9 .60  3 .94  3 .84  25 .00  24 .  80  
23 .50  23 .50  17 .40  19 .20  9 .48  10 .  66  
35 .00  34 .00  20 .70  20 .00  14 .00  14 .  00  
6  .  63  1 ,  29  
34 .10  34 .20  24 .20  20 .40  8 .44  5 .  58  
18 .00  18 .00  9 .70  11 .80  6 .88  5 .  71  
25 .00  24 .50  15 .60  15 .90  11 .25  9 .  81  
17 .60  17 .60  8 .99  9 .82  7 .65  3 .  75  
19 .25  23 .30  17 .95  17 .67  9 .20  12 .  10  0  .  45 3 .  10  
25 .85  27 .69  17 .61  17 .47  11 .12  9 .  43  
15 .14  17 .10  9 .68  9 .06  4 .88  4 .  36  
30 .15  28 .31  19 .55  17 .02  6 .90  11 .  31  5 .  91  0 .  0  
26 .76  23 .99  17 .33  17 .33  8 .50  7 .  30  
27 .07  26 .46  15 .51  15 .65  4 .35  22 .  40  
DAY 
1 2  
17  
?3  
25  
30  
32  
37  
39  
44  
53  
59  
6 1  
65  
66 
68 
71  
79  
88 
115  
116 
117  
122  
123  
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PAR PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
S-5  
P04  
MG/L 
I  E  
NH3-N 
MG/L 
I  E  
N03-N 
MG/L 
I  E  
34 .  10  34 .  10  24 .  20  2  0 .  20  8 .  44  7 .  38  
18 .  00  18 .  00  9 .  70  11. 80  6 .  88  6 .  50  
25 .  00  24 .  30  15 .  60  15 .  90  11. 25  9 .  81  
17 .  60  18 .  00  8 .  99  10 .  28  7 .  65  3 .  60  
19 .  25  25 .  10  17 .  95  18 .  37  9 .  20  10 .  80  
6 .  30  24 .  75  
25 .  85  25 .  85  17 .  61  17 .  05  11 .  12  8 .  65  
15 .  14  15 .  08  9 .  68  9 .  20  4 .  88  4 .  94  
30 .  15  29 .  54  19 .  55  9 .  73  6 .  90  12 .  30  
26 .  76  24 .  46  17 .  33  17 .  61  8 .  50  6 .  80  
27 .  07  27 .  08  15 .  51  15 .  37  4 .  35  4 .  20  
OXYGEN 
MG/L 
I  E  
5 .35  8 .80  
16 .  40  15 .  90  11 .90  12 .  00  6 .30  6 .  35  6 .  80  
40 .  00  40 .  70  16 .12  10 .  50  
27 .  85  28 .  15  18 .30  17 .  78  8 .38  10. ?5  7 .  10  
16 .  00  15 .  88  10 .40  11 .  20  4 .00  3 .  85  6 .  80  
9 .  62  9 .  60  6 .  60  6 .  55  4 .69  4 .  30  
9 .  28  9 .  60  7 .40  7 .  15  2 .71  2 .  71  
34 .  50  34 .  00  21 .28  21 .  90  12 .25  13 .  88  
9 .  28  9 .  60  15  20  14 .  60  5 .68  6 .  44  6 .  15  
10 .  60  10 .  00  3 .94  3 .  94  25 .00  24 .  80  
23 .  50  23 .  80  17 .40  14 .  80  9 .48  10 .  69  
35 .  00  33 .  30  20 .70  21 .  50  14 .00  14 .  00  
6 .63  2 .30  
6 .45  3 .03  
5 .91  0 .0  
OA Y 
1 8  
20 
2 2  
25  
27  
29  
32  
34  
36  
41  
43  
47  
48  
49  
50  
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PAR PROCESS OPERATION DATA 
MISCELLANEOUS DATA 
P-2  
P04  
MG/L 
NH3-N 
MG/L 
N03-N 
MG/L 
I  E  I  2  I  [ 
18 .  64  ?0 .  87  0 .  bA 2  •  U.  31  5 .  ^ 5  
28 .  60  28 .  80  11  .  70 9 .  80  0 .  84  1 .  87  
27 .  10  26 .  30  8 .  84  7 .  12  1 .  53  2 .  96  
2 .  36  3 .  90  6 .  03  4 .  43  
25 .  1  0  25 .  40  8 .  50  3 .  69  
27 .  40  26 .  80  5 .  23  5 .  33  4 .  58  3 .  48  
24 .  20  26 .  20  6 .  02  6 .  02  10 .  50  6 .  92  
21 .  90  23 .  90  0 .  47  2 .  08  8 .  08  5 .  75  
23 .  30  23 .  10  1 .  25  2 .  54  6 .  55  4 .  bO 
25 .  80  24 .  80  5 .  36  5 .  09  1 .  63  3 .  05  
23 .  10  24 .  40  2 .  11  1 .  78  .  0 .  35  2 .  27  
20 .  30  23 .  10  
o
 
C
M
 
37  10 .  18  11 .  66  15 .  67  
23 .  00  27 .  60  15 .  04  16 .  00  8 .  47  11 .  87  
OXYGEN 
MG/L 
I  
6 . 6 0  
5 .33  
6 . 2 1  
5 .75  
6 .20  
5 .74  
5 .10  
5 .28  
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APPENDIX D 
Depth Sample Data 
The following definitions apply to this appendix: 
I Influent TOC, mg/1 to FAB unit 
E6 Effluent TOC, mg/l at 6 inches media depth 
E18 Effluent TOC, mg/1 at 18 inches media depth 
E30 Effluent TOC, mg/l at 30 inches media depth 
E Effluent TOC, mg/1 from PAB unit 
IF Effluent SOC, mg/l from PAB unit 
EF6 Effluent SOC, mg/l at 6 inches media depth 
EF18 Effluent SOC, mg/l at 18 inches media depth 
EF30 Effluent SOC, mg/l at 30 inches media depth 
The designation *** refers to data obtained during periods of 
operational or analytical problems. These data were excluded from 
the data evaluation. 
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PAB PROCESS OPERATION DA^A 
RUN SERIES S-1  
DIAMETER 0 .92  MM 
DEPTH 36 .00  INCHES 
DENSITY 2 .69  GRAMS/CC 
MEDIA SAND 
DEPTH SAMPLES 
ORGANIC CARBON 
MG/L 
DAY I  E6  E18  E30  E IF  EF6 EF18  EF30  
17  *** 9 .9  7 .8  3 .  8  4 .1  2 .5  8 .0  
19  *** 11 .4  12 .5  6 .0  5 .1  4 .5  8 .0  
22  *** 8 .9  8 .0  4 .8  4 .9  5 .4  6 .0  
24  17 .6  14 .7  11 .3  8 .  6  10 .  8  10 .2  
26  16 .9  18 .1  14 .8  22 .4  8 .2  10 .4  
29  23 .3  14 .4  12 .3  28 .1  11 .7  10 .2  
31  *** 15 .0  15 .2  11 .3  10 .9  11 .  1  8 .  6  
36  15 .6  13 .4  11 .4  9 .3  8 .4  12 .2  
39  23 .5  19 .4  15 .4  13 .6  11 .4  11 .4  
43  16 .8  14 .1  11 .3  10 .2  9 .4  8 .3  
109  19 .1  11 .5  13 .4  9 .2  5 .8  4 .9  
110  19 .0  8 .9  11 .3  8 .7  7 .4  3 .7  
111  26 .5  11 .0  8 .  8  7 .8  4 .9  5 .0  
112  24 .3  10 .6  11 .2  8 .2  4 .4  3 .4  
115  15 .3  8 .  9  9 .7  6 .6  1 .4  1 .4  
116  17 .1  10 .3  9 .3  6 .4  3 .1  2 .7  
117  17 .5  8 .9  9 .4  7 .3  3 .5  2 .0  
119  18 .1  11 .7  10 .9  8 .5  7 .8  5 .0  
120  18 .9  12 .0  11 .0  9 .3  9 .3  6 .4  
121  19 .2  13 .2  10 .0  8 .8  8 .6  8 .4  
122  20 .4  13 .6  10 .0  10 .0  10 .0  9 .5  
123  23 .  1  13 .1  7 .9  8 .7  6 .6  5 .4  
124  17 .5  10 .3  7 .6  7 .9  5 .6  3 .9  
EF 
2 . 2  
2 .  0  
0 . 8  
1.5 
3.4 
2 . 2  
2 .4  
4 .  2  
4 .6  
4 .9  
1 .5  
1 .9  *  
1 .5  
1 . 6  
1 .5  
1 .4  
1 .5  
5 .  2  
4 .7  
5 .9  
7 .  2  
5 .2  
3 .7  
DAY 
17  
19  
22 
24  
26  
29  
31  
36  
39  
43  
109  
110 
111  
112 
115  
116 
117  
119  
120 
1 2 1  
122 
123  
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PAB PROCESS OPERATION DATA 
RUN SERIES 
DIAMETER 
DEPTH 
DENSITY 
MEDIA 
S-2  
0 .46  MM 
36 .00  INCHES 
2 .69  GRAMS/CC 
SAND 
DEPTH SAMPLES 
ORGANIC CARBON 
MG/L 
I  E6  E18  E30  E IF  EF6 EF18  EF30  EF 
*** 9 ,5  6 .5  6 .1  5 .8  5 .9  7 .3  5 .3  
*** 12 .1  13 .  8  13 .1  13 .8  11 .2  8 .6  8 .2  
*** 8 .9  9 .2  10 .2  10 .4  8 .4  6 .  0  5 .2  
*** 17 .6  16 .9  16 .1  15 .2  13 .0  10 .2  6 .  8  
*** 16 .9  13 .4  14 .2  20 .0  10 .0  10 .4  3 .4  
23 .3  11 .7  10 .7  17 .6  11 .9  10 .2  2 .5  
*** 15 .0  15 .2  14 .0  9 .4  10 .3  8 .6  2 .2  
15 .6  12 .6  11 .6  14 .0  8 .0  12 .2  3 .2  
23 .5  18 .6  15 .0  13 .0  12 .3  11 .4  3 .3  
*** 16 .8  13 .9  12 .3  10 .6  11 .3  8 .3  2 .4  
19 .1  8 .4  13 .4  9 .8  3 .3  1 .9  1 .5  
19 .0  8 .9  11 .3  8 .7  4 .9  2 .5  2 .0  
26 .5  11 .0  8 .8  9 .8  4 .0  2 .4  1 .5  
24 .3  9 .4  11 .2  9 .0  5 .3  3 .0  0 .5  
15 .3  9 .5  9 .7  7 .0  3 .8  2 .7  1 .4  
17 .1  9 .9  9 .3  8 .3  4 .2  2 .7  0 .7  
17 .5  9 .9  9 .4  7 .6  3 .0  1 .6  1 .1  
18 .  1  9 .3  10 .9  9 .1  5 .0  4 .2  1 .8  
18 .9  9 .5  11 .0  9 .3  6 .  2  3 .9  2 .0  
19 .2  9 .6  10 .0  8 .4  4 .7  3 .4  2 .  1  
20 .4  8 .6  10 .0  11 .2  5 .7  3 .9  1 .0  
26 .1  9 .0  7 .9  7 .5  2 .9  1 .  5  2 .  1  
17 .5  8 .0  7 .6  6 .0  2 .7  1 .2  0 .8  
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PAB PROCESS OPERATION DATA 
RUN SERIES S-3  
DIAMETER 1 .435MM 
DEPTH 36 .00  INCHES 
DENSITY 2 .69  GRAMS/CC 
MEDIA SAND 
DEPTH SAMPLES 
ORGANIC CARBON 
MG/L 
DAY I  E6  E18  E30  E IF  EF6 EF18  EF30  EF 
12  *** 10 .4  7 .  1  5 .4  3 .9  3 .3  0 .0  0 .0  
17  9 .5  5 .  2  4 .8  3 .8  2 .7  8 .0  2 .6  
19  *** 11 .0  12 .9  6 .4  4 .7  4 .7  8 .6  2 .  8  
22  *** 8 .9  8 .0  5 .4  3 .  0  2 .8  6 .0  0 .8  
24  17 .6  17 .3  15 .2  9 .7  9 .1  10 .2  1 .8  
26  16 .9  16 .0  13 .6  11 .9  6 .1  10 .4  1 .1  
29  23 .3  14 .3  6 .3  30 .5  10 .  2  10 .  2  2 .1  
31  *** 15 .0  14 .9  10 .2  20 .0  12 .4  8 .6  1 .  5  
36  15 .6  15 .4  8 .0  9 .3  7 .9  12 .2  2 .7  
39  23 .5  17 .4  13 .8  15 .4  12 .2  11 .4  2 .  8  
43  16 .8  13 .5  7 .7  8 .8  8 .5  10 .9  1 .7  
109  19 .1  11 .  5  13 .4  10 .3  6 .8  3 .9  2 .4  
110  19 .0  11 .7  11 .3  8 .  9  5 .6  5 .2  1 .  7  
111  26 .5  12 .8  8 .8  10 .0  5 .9  4 .9  1 .2  
112  24 .3  12 .2  11 .2  9 .8  6 .5  4 .4  1 .2  
115  15 .3  9 .7  9 .7  7 .4  6 .5  6 .5  2 .9  
116  17 .1  10 .  5  9 .3  8 .5  6 .2  3 .1  1 .6  
117  17 .5  11 .5  9 .4  7 .0  4 .6  4 .2  1 .3  
119  18 .  1  13 .3  10 .9  9 .0  7 .5  7 .5  5 .0  
120  18 .9  13 .7  11 .0  10 .  5  8 .  7  7 .2  4 .  5  
121  19 .2  14 .8  10 .0  8 .6  9 .2  8 .8  5 .5  
122  20 .4  14 .  8  10 .0  9 .7  10 .4  8 .4  7 .7  
124  17 .5  11 .9  7 .6  8 .1  6 .9  5 .6  3 .  9  
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PAB PROCESS OPERATION DATA 
RUN SERIES S-4  
DIAMETER 0 .65  MM 
DEPTH 36 .00  INCHES 
DENSITY 2 .69  GRAMS/CC 
MEDIA SAND 
DEPTH SAMPLES 
ORGANIC CARBON 
MG/L 
DAY I  E6  E18  E30  E IF  EF6 EF18  EF30  EF 
17  *** 9 .1  6 .5  8 .5  7 .0  4 .1  7 .9  5 .3  
19  *** 11 .6  12 .9  13 .6  11 .4  9 .2  8 .8  7 .7  
22  *** 8 .9  7 .1  5 .2  5 .1  5 .  8  6 .  0  1 .5  
24  17 .6  13 .9  10 .3  8 .6  11 .1  10 .2  5 .2  
26  16 .9  13 .2  10 .6  9 .0  9 .1  10 .4  1 .5  
29  23 .3  13 .5  12 .3  18 .7  10 .0  10 .2  2 .0  
31  *** 15 .0  13 .0  9 .4  9 .0  9 .9  8 .6  1 .9  
36  15 .6  13 .2  12 .2  9 .6  8 .  2  12 .2  3 .5  
39  23 .5  19 .4  14 .8  13 .2  12 .6  11 .4  3 .1  
43  16 .8  13 .9  11 .3  10 .0  10 .9  8 .3  2 .6  
109  19 .1  11 .  1  13 .4  7 .4  3 .0  2 .8  1 .3  
110  19 .0  10 .9  11 .3  7 .8  4 .2  3 .3  1 .2  
111  26 .5  10 .6  8 .8  7 .0  2 .3  2 .5  1 .2  
112  24 .3  12 .0  11 .2  6 .4  2 .  1  2 .1  0 .3  
115  15 .3  10 .5  9 .7  6 .0  3 .5  2 .3  1 .4  
116  17 .1  10 .7  9 .3  7 .0  3 .3  2 .7  0 .9  
117  17 .5  11 .7  9 .4  6 .0  1 .8  2 .0  1 .  2  
119  18 .  1  13 .4  10 .9  8 .3  5 .8  4 .0  2 .7  
120  18 .9  12 .5  11 .0  8 .0  6 .4  4 .4  2 .6  
121  19 .2  13 .6  10 .0  8 .6  6 .7  4 .2  3 .5  
122  20 .4  14 .0  10 .0  10 .4  6 .  8  5 .  1  3 .9  
124  17 .5  11 .1  7 .6  6 .2  3 .3  1 .8  1 .6  
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PAB PROCESS OPERATION DATA 
RUN SERIES S-5  
DIAMETER 0 .65  MM 
DEPTH 36 .00  INCHES 
DENSITY 2 .69  GRAMS/CC 
MEDIA SAND 
DEPTH SAMPLES 
ORGANIC CARBON 
MG/L 
DAY I  E6  E18  E30  E IF  EF6 EF18  EF30  BF 
17  *** 9 .5  4 .8  6 .3  5 .8  3 .7  8 .5  2 .3  
19  *** 10 .2  12 .1  7 .3  6 .9  4 .8  9 .0  3 .0  
22  *** 8 .9  5 .8  7 .6  6 .1  5 .9  6 .  0  0 .  8  
24 17 .6  13 .9  11 .1  7 .8  10 .4  10 .2  1 .9  
26  16 .9  11 .7  9 .6  8 .4  7 .8  10 .4  1 .5  
29  23 .3  11 .5  9 .0  10 .0  11 .7  10 .2  1 .8  
31  *** 15 .0  12 .8  12 .4  8 .8  9 .  1  8 .6  2 .1  
36  15 .6  13 .0  11 .4  10 .4  8 .7  12 .2  4 .1  
39  23 .5  17 .6  15 .4  12 .  8  13 .6  11 .4  3 .8  
43  16 .8  12 .3  9 .2  7 .3  9 .8  8 .3  3 .2  
109  19 .  I  10 .7  13 .4  7 .7  3 .8  3 .6  1 .2  
110  19 .0  10 .5  11 .3  6 .7  3 .7  2 .7  1 .2  
111  26 .5  11 .5  8 .8  5 .7  2 .8  1 .9  1 .5  
112  24 .3  11 .4  11 .2  5 .8  2 .8  1 .5  0 .5  
115  15 .3  10 .1  9 .7  6 .  0  2 .3  1 .8  1 .2  
116  17 .1  9 .5  9 .3  8 .1  3 .5  2 .3  1 .2  
117  17 .5  10 .  7  9 .4  6 .  8  3 .7  2 .0  1 .5  
119  18 .1  12 .9  10 .9  7 .7  4 .5  3 .3  2 .1  
120  18 .9  12 .9  11 .0  8 .5  6 .0  3 .5  2 .5  
121  19 .2  13 .6  10 .0  9 .2  5 .7  4 .7  3 .0  
122  20 .4  13 .6  10 .0  9 .4  8 .4  5 .1  4 .3  
123  26 .1  12 .8  7 .9  7 .5  5 .6  3 .1  3 .8  
124  17 .5  11 .3  7 .6  7 .4  3 .7  2 .9  1 .4  
